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Editorial on the Research Topic

Pathophysiologic Insights From Biomarker Studies in Neurological Disorders

Neuroimmunological and neurodegenerative disorders are major healthcare issues, associated with
high individual and socioeconomic burden. For many neurological disorders an early diagnosis
is key for efficient management and therapy. However, neural tissues from brain, spinal cord, or
peripheral nerves are difficult to sample, and their extraction is often associated with functional
deficits. Therefore, in most cases a combination of biomarkers such as radiologic or biochemical
findings are used to define a diagnosis in the clinical practice. The development of pathologically-
sensitive and easy-to-measure disease biomarkers is a key factor for investigating new medications
in phase II trials aiming to quickly screen their efficacy, and in phase III trials where they are
coupled to clinical measures. Moreover, biomarkers are used to predict treatment efficacy and
adverse event risk, paving the way for personalized medicine with individual risk assessment and
prevention strategies.

In the last few decades the enormous technological progress, especially omics technologies,
expanded the definition of biomarkers from biochemical and clinical, to genetic, proteomic,
metabolic, or microbial markers. Interestingly, some of the biomarker studies additionally provided
important insights into the pathophysiology of neurological disorders. In multiple sclerosis TNF-
blocking drugs can promote onset or exacerbation of MS and GWAS (genome-wide association
studies) data informed about the underlying mechanisms instructing clinical practice (1). In
Parkinson’s disease (PD), evaluation of Lewy pathology provided new pathophysiological insights
attributing PD pathology progression to a prion-like process starting in the gastrointestinal
tract (2). However, many other suggested biomarkers remain solely correlative, often lacking a
causative link to the underlying disease mechanisms possibly explaining their lack in sensitivity
and specificity.

This Research Topic reviews current knowledge and provides new insights into
pathomechanisms of a wide variety of neuroimmunological and neurodegenerative disorders from
studies on (novel) risk factors and outcome predicting biomarkers.

INFLAMMATORY DISORDERS OF THE CENTRAL NERVOUS

SYSTEM

There is still an unmet need for novel, innovative biomarker approaches in different stages of central
nervous system inflammation ranging from first diagnosis to evaluation of inflammatory and
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neurodegenerative processes and therapy responses. In this
Research Topic, Pawlitzki et al. shows the value of CSF-
based biomarker approaches indicating ongoing chronic CNS
inflammation even before first clinical sign of symptoms
in patients with radiologically isolated syndrome, while
Schwenkenbecher et al. demonstrate the importance of
oligoclonal bands in the diagnostic algorithm of multiple
sclerosis assessing the impact of the newest McDonald criteria.
Until now, we have only a limited understanding of inflammatory
and neurodegenerative processes within the CNS compartment
in multiple sclerosis. Here, Birkner et al. assessed the role of
ICAM-5, a CNS-restricted adhesion molecule, in mediating
T cell-induced neuronal damage in the animal model of
experimental autoimmune encephalomyelitis (EAE), Huhn
et al. investigated the use of sodium MRI as a translational
approach in MS patients. Another part of this Research Topic
section focuses on the value of biomarker approaches in
different real-world therapeutic settings, namely blood-based
biomarkers in patients treated with fingolimod (Kaufmann
et al.), dimethylfumarate (Manni et al.), and in a longitudinal
setting in patients treated with natalizumab (Kaufmann et al.).
The study by Vohl et al. investigates a cohort of patients treated
with intrathecal corticosteroid therapy, a long-established,
but sometimes under-appreciated therapeutic approach, in
numerous centers specialized on the treatment of MS patients,
that so far has suffered from the lack of large studies. In a cohort
of 38 patients with autoimmune encephalitis (AE), Körtvelyessy
et al. showed that CSF Progranulin levels were elevated during
the acute phase, suggesting ongoing neuro-axonal damage,
and that total-Tau (t-tau) and neurofilament light chain (NfL)
levels were associated with the risk of clinical, laboratory, and
radiological progression. Future studies on AE could benefit
from the work of Amedonu et al., with the use of a novel assay to
study molecular mechanisms of autoantibody-induced receptor
internalization and to screen new molecular-based therapies.

NEURODEGENERATION AND STROKE

Neurodegenerative diseases have been conventionally studied in
relation to the genetic risk of clinical/cognitive dysfunction and
neuronal damage. In line with this, Goltermann et al. showed
that apolipoprotein E (APOE) ε4 homozygosity, a well-known
risk factor for Alzheimer’s disease (AD), was associated with
worse visuospatial working memory and global brain structural
alterations in 62 non-neurological subjects from the FOR2107
Marburg-Münster Affective Cohort Study.

More recently, an interplay between inflammation and
neurodegeneration has been recognized. Looking at conditions
that are conventionally unrelated to inflammation, Hu et al.
demonstrated an inflammatory component in the normal aging
and in AD, by showing an accentuated shift from T-helper (Th)-
1 to non-Th1 inflammatory pathways in the cerebrospinal fluid
(CSF) (similar to what happens in multiple sclerosis). Hotter
et al. evaluated 91 stroke patients not suffering from stroke-
associated infections (derived from the PREDICT and 1000
Plus studies), and found that IL-6 was associated with several

MRI measures of stroke severity (e.g., acute and final lesion
perfusion and size), suggesting that inflammation is related to
vascular parenchymal damage. Also, neuroinflammation during
the fetal period could be related to neurodevelopmental disorders
(e.g., autism spectrum disorder, schizophrenia). Cao et al.
studied the role of α7nAChR on fetal sheep astrocytes, a classic
model of fetal neurobiology, and further unraveled the complex
interactions between inflammation and neurodegeneration at
neurodevelopmental stages.

However, our Research Topic did not aim to underestimate
clinical examination, which remains of utmost importance
in the neurology clinical practice. In particular, in their
review, Johnen and Bertoux suggested that the early clinical
diagnosis of the behavioral variant frontotemporal dementia
(bvFTD) requires an in-depth assessment of clinical signs,
behavioral and psychological symptoms as well as cognitive
performance. Authors strongly encouraged the design of
novel neuropsychological tests covering understudied aspects of
dementia (e.g., social and emotional processing, praxis abilities,
interoceptive processing), and further expanding the number of
clinical and neuropsychological biomarkers for the neurology
clinical practice (Johnen and Bertoux).

MOVEMENT DISORDERS, PARKINSON’S

DISEASE, AND DYSPHAGIA

Over the last decade increasing scientific efforts have been made
to establish biomarkers for early diagnosis of Parkinson’s disease
(PD) and other movement disorders. These potentially helpful
biomarkers include findings from neuroimaging techniques,
blood and cerebrospinal fluid (CSF) immune markers,
technology-based objective measures (TOMs) provided by
wearable devices, results from skin biopsies, and several others.
Doppler et al. were now able to show that dermal phospho-
alpha-synuclein (p-syn) in PD patients with glucocerebrosidase
gene (GBA1) mutations seems to offer a similar distribution and
frequency as observed in PD patients without a known mutation.
Therefore, skin biopsy may be suitable to study p-syn deposition
in these patients or even to identify premotor patients with GBA1
mutations (Doppler et al.). However, a panel of serum immune
markers (i.e., cytokines) as analyzed using principal component
analysis (PCA) was not found to allow for reliably predicting
clinical PD subtypes (Yilmaz et al.). Varghese et al. introduced
a technology-based system called Smart Device System (SDS)
that was tested over 2 years to train an Artificial Intelligence
System; this system will be further implemented for multi-modal
high-resolution acceleration measurement of patients with PD or
essential tremor (ET). Furthermore, Warnecke et al. used flexible
endoscopic evaluation of swallowing (FEES) to detect specific
pharyngolaryngeal movement disorders, such as arytenoid
tremor that may help to differentiate multiple system atrophy
(MSA) from PD.

In addition, biomarkers for detection of specific symptoms
related to PD and other movement disorders have been studied
throughout the last years. In their narrative review Prell et al.
provide an overview of recent developments of bio-fluid and
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imaging biomarkers for dementia, depression, and fatigue in PD.
They conclude that more research needs to be undertaken to find
reliable combinations of predictors of these neuropsychological
symptoms in PD on an individual level, and that standardization
and harmonization of protocols in particular in CSF handling
and neuroimaging has to be further implemented (Prell et al.).
Richter et al. assessed the utility of brainstem raphe (BR)
alterations evaluated by transcranial sonography (TCS) as a
potential biomarker for apathy and depression in PD patients.
These BR alterations correlated with depression and apathy
scales indicating that a serotonergic signal disturbance might
exist for both symptoms in PD (Richter et al.). Beside these
neuropsychological symptoms, significant attention has being
paid to gastrointestinal dysfunction and particularly swallowing
disorders. Clinical research has shown that dysphagia is an
often overlooked, but complex syndrome in many patients
with neurodegenerative and neuromuscular disorders mainly
contributing to disease burden in the majority of cases. Schröder
et al. were able to show that reduced saliva substance P
(SP) concentrations may predict early pharyngeal swallowing
dysfunction in PD patients and may help to identify PD patients
with a higher risk of developing clinically relevant dysphagia.
Labeit et al. reported the first case of isolated dysphagia due to
Jo-1 antibodies associated myositis. They suggest that myositis-
focused diagnostics including an autoantibody panel should be
done in patients with unclear dysphagia that show typical sings
for myositis in the instrumental dysphagia assessment (Labeit
et al.).

In the future biomarkers should not only be available for early
diagnosis, but also for indicating responses to specific therapeutic
interventions that help to guide treatment decisions in PD
and other movements disorders. Schlenstedt et al. presented
pilot data indirectly supporting the hypothesis that exercises
specifically designed to target freezing of gait (FOG) might
be more beneficial than non-FOG-specific interventions in PD
patients. However, future studies should include larger samples
and high frequency interventions to investigate the role of
training balance performance to reduce the severity of FOG and
to analyze which subgroup of PD patients shows the largest
effect size (Schlenstedt et al.). Finally, Hatz et al. were able
to demonstrate that deep brain stimulation of the subthalamic
nucleus (STN) used to treat motor complications in advanced
PD does not alter verbal fluency performance in a systematic
way at group level. Nevertheless, when STN stimulation produces
an alteration of verbal fluency performance in an individual PD
patient, it was inversely correlated with left temporal delta power
as measured by quantitative EEG (Hatz et al.).

DISORDERS OF THE PERIPHERAL

NERVOUS SYSTEM

The peripheral nervous system (PNS) consists of nervous
structures (cranial and spinal nerves, enteric nervous system)
and their associated receptors and organs. The diagnosis of
PNS disorders is a multi-step process and often complicated
by unspecific findings. Instructive cellular and non-cellular

biomarkers for diagnosis, prognosis and/or treatment
management are largely missing. However, recent years
including studies of this Research Topic support the high
relevance of biomarkers for an adequate disease management.
Correspondingly, Stuhlmüller et al. review the role of
myositis-specific and -associated antibodies in idiopathic
inflammatory myopathies (IIM). They highlight their value in
the diagnostic process and prognosis (organ involvement, risk
for malignancies), and elaborate on detection methods and
associated clinical phenotypes (Stuhlmüller et al.). De Paepe
et al. demonstrate an upregulation of osmolyte accumulators and
identify associated inflammatory signaling pathways in skeletal
muscle cells upon pro-inflammatory stimuli in vitro and in
skeletal muscle biopsies of IIM patients. The authors characterize
specific osmolyte accumulators as potential biomarkers for
regenerating muscle fibers or autoreactive immune cells (De
Paepe et al.).

However, biomarker research might not only unravel
associations with clinical parameters but also reveal important
insights into pathophysiological disease mechanisms. With
an unbiased proteomic profiling Roos et al. identified key
molecules involved in the pathogenesis of sporadic inclusion
body myositis (sIBM), which were further characterized by
qPCR, immunostaining, immunofluorescence in situ and in silico
studies. By these means, they were able to demonstrate a key role
of specific macrophage subtypes and molecules (CD74, CD163,
and STAT1) involved in their activation and type I interferon
and interferon gamma associated pathways in sIBM (Roos et al.).
With a similar proteomic approach Kölbel et al. identified
candidate protein biomarkers in skeletal muscle of laminin-
211 deficient type 1A (MDC1A) congenital muscular dystrophy
(CMD), one of the most devastating CMDs characterized by
severe muscle weakness, brain abnormalities, and delayed motor
milestones. The expression of 86 proteins associated with fibrosis
and altered synaptic transmission was specifically linked to
MDC1A skeletal muscle. Moreover, the observed alterations in
metabolic pathways and mitochondrial function might identify
new therapeutic targets (Kölbel et al.).

Changes in protein function, folding or metabolism is a
common feature of several degenerative disorders of the PNS. In
Marinesco-Sjögren syndrome (MSS) characterized by a clinical
triad of bilateral cataracts, ataxia, andmyopathy, mutations in the
SIL1 gene lead to protein misfolding. However, read-out systems
to identify pathogenic variants of SIL1 mutations are missing.
Therefore, Gatz et al. introduce an in vitro system identifying
the pathogenic consequences of different mutations on a cellular
level. In the future, these findings can instruct genetic testing of
patients with suspected MSS.

Besides disorders primarily affecting structures of the PNS,
systemic autoimmune diseases such as Sjögren’s syndrome might
involve the PNS as well. In this Research Topic, Seeliger
et al. provide a cross-sectional study of 144 patients with
polyneuropathy of whom 44 were diagnosed with Sjögren’s
syndrome. They describe clinical findings and discuss potential
tools to identify Neuro-Sjögren (Seeliger et al.). Other systemic
inflammatory disorders such as vasculitides can also affect
structures of the nervous system including the PNS resulting in
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a variety of potential symptoms. Strunk et al. review potential
biomarkers in the context of nervous system vasculitides with a
focus on body fluid derived markers and discuss their diagnostic
and prognostic value.

Overall, the current Research Topic provides a deeper
understanding of the pathomechanisms underlying
neurological disorders and identifies new biomarkers and
their pathophysiologic background. Thereby, the Research Topic

might initiate hypothesis-driven refinement of current and
novel biomarkers.
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Depression and apathy can both be present in patients with Parkinson’s disease (PD)

while e. g., essential tremor (ET) patients mostly only report depressive symptoms. In PD,

depression has been linked with brainstem raphe (BR) signal alterations in transcranial

sonography (TCS) but apathy has not been evaluated in such terms as a putative

biomarker. Furthermore, the BR has only been investigated using a singular axial TCS

examination plane, although coronal TCS examination allows a much more accurate

evaluation of the craniocaudal formation of serotonergic raphe structures in the midbrain

area. The objective of this study was to investigate the value of coronal TCS examination

for the detection of BR signal alterations and clinically correlate it to apathy in patients

with PD, ET and healthy controls (HC). We prospectively included PD patients (n = 31),

ET patients (n = 16), and HC (n = 16). All were examined by TCS in the axial and coronal

plane with focus on BR signal alterations. LARS and BDI-II scores were conducted to

assess apathic and depressive symptoms in the study population. In a detailed analysis

we found that the correlation of coronal and axial TCS alterations of BR was very high

(rho = 0.950, p < 0.001). BR signal alterations were more frequent in PD patients than

in ET patients and HC, while it was not different between ET patients and HC. In the PD

patient group, BDI-II and LARS scores were negatively correlated to BR signal changes

in TCS in a significant manner (BDI-II and axial BR: p = 0.019; BDI-II and coronal BR:

p= 0.011; LARS and axial BR: p= 0.017; LARS and coronal BR: p= 0.023). Together in

this brainstem ultrasound study we find a significant association of BR signal alterations

with clinically evident apathy and depression in patients with PD. Therefore, TCS might

enable the identification of a subgroup of PD patients which are at higher risk to suffer

from or to develop depression or apathy.

Keywords: sonography, TCS, raphe, apathy, depression

11

https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://www.frontiersin.org/journals/neurology#editorial-board
https://doi.org/10.3389/fneur.2018.00645
http://crossmark.crossref.org/dialog/?doi=10.3389/fneur.2018.00645&domain=pdf&date_stamp=2018-08-07
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:christos.krogias@rub.de
https://doi.org/10.3389/fneur.2018.00645
https://www.frontiersin.org/articles/10.3389/fneur.2018.00645/full
http://loop.frontiersin.org/people/567782/overview
http://loop.frontiersin.org/people/39246/overview
http://loop.frontiersin.org/people/565385/overview


Richter et al. Brainstem Raphe Sonography in PD

INTRODUCTION

Transcranial sonography (TCS) is increasingly applied for
the differential diagnosis of Parkinson’s disease (PD) patients.
Hyperechogenicity of substantia nigra (SN) has been identified
as a biomarker and risk factor for PD patients and thus has been
included as a diagnostic item in the new MDS research criteria
for prodromal PD (1).

Depression and apathy frequently appear in PD patients and
can represent early non-motor symptoms (2–4). Several studies
have shown that many PD patients are affected by depression,
even in the prodromal state of disease (5). Apathy has been
described to appear independently from depression (6) and
can severely impact quality of life (7). Brainstem raphe (BR)
alterations in TCS have been associated with depressed PD
patients (8, 9) but were not observed in patients with essential
tremor (ET). So far, BR signal alterations have never been
examined in relation to apathy and, furthermore, have only
been evaluated using a singular axial TCS plane in spite of an
additional coronal examination (10).

In this study, we investigated symptoms of apathy and
depression by using the Lille apathy rating scale (LARS) and
the Beck Depression Inventory II (BDI-II) in PD patients,
ET patients and healthy controls. Recently, a new coronal
examination plane has been introduced in the field of TCS by
our group in order to study Substantia nigra echogogenicity
(10). We applied this methodology of an additional coronal
TCS examination now for BR alterations and evaluated this
finding as a putative biomarker for depression and apathy
in PD.

MATERIALS AND METHODS

Subjects
We prospectively included patients fulfilling the clinical
diagnostic criteria of the UK Parkinson’s Disease Society
Brain Bank for idiopathic PD (11) or patients meeting the
diagnostic criteria for ET (12). Participants with an insufficient
transtemporal bone window were excluded. All patients received
best medical treatment according to international guidelines for
the treatment of advanced Parkinson’s disease (13) or essential
tremor (14). None of the participants of this study received
anti-depressive therapy. Additionally, healthy controls (HC)
were included to serve as an age-matched control group. The
same clinical assessment and TCS imaging was performed for
every subject in this study.

All subjects were included after detailed information about
the study and gave written informed consent. In accordance to
the Helsinki Declaration of 1975, the study was approved by the
local university ethics committee of the Ruhr University Bochum,
Germany (approval no. 4961-14).

Clinical Assessment
All PD and ET patients as well as the group of HC
underwent clinical neurological assessment, done by a trained
and experienced interviewer. Demographic and clinical data

was assessed including disease duration and comorbidity
(Table 1).

To evaluate motor symptoms of PD, part III of the Unified
Parkinson’s Disease Rating Scale (UPDRS) (15) was conducted in
the entire study cohort. Definition of depression and apathy was
based on established scores: using the Beck Depression Inventory
II (16) to investigate severity of depression symptoms. A score of
≥19 points was defined as cut-off value for depression (17). Using
the Lille Apathy Rating Scale (LARS) (18) to assess apathy, a cut-
off-score of ≥-16 was chosen for apathy, since this cut-off-value
has shown a high sensitivity of 87% and a high specificity of 93%
in diagnosing apathy (18).

Transcranial Sonography
Transcranial sonographic (TCS) examination was performed on
the same day as clinical assessment, and was performed by two
experienced investigators (DR, CK) being blinded to clinical
scores using a phased array ultrasound system equipped with a
2.5-MHz transducer (Aplio R© XG Ultrasound System, Toshiba
Medicals, Tochigi, Japan). A penetration depth of 150mm and
a dynamic range of 45–50 dB were chosen. Image brightness
and time gain compensations were adapted as needed for each
examination.

The examination protocol of the axial examination plane
was based on previous published recommendations for TCS
(19). Using the transtemporal approach, the midbrain and
diencephalic examination planes were visualized in axial section.
To evaluate SN hyperechogenicity, a planimetric measurement
of SN was performed. According to previously published studies
(20), we used the mean + 1 SD of SN echogenic area in the
group of HC for each plane as upper normal value defining SN
hyperechogenicty. In general, an enlarged echogenic area of the
SN is a predictive biomarker with high sensitivity and specificity
for the diagnosis of PD (10).

The echogenicity of brainstem raphe (BR) was classified semi-
quantitatively on a three-point scale: 0 = raphe structure not
visible, 1 = slight and interrupted echogenic raphe structure,
2 = normal echogenicity (echogenicity of raphe structure is not
interrupted) (Figure 1). Different to the enlarged echogenic area
of the SN in PD, a reduced echogenic signal of the BR is thought
to visualize changes in the serotonergic system (9).

Similar to the axial examination plane protocol, the temporal
bone window was used to assess also the coronal TCS
plane: by rotating the transducer for 90◦, the hypoechogenic
midbrain is visualized in longitudinal view including SN and BR
(Figure 2).

The sonographic findings were stored, so that the investigators
could perform a second evaluation and classification of the results
from the other investigator. In the case of discrepant ratings, a
consensus was accomplished, subsequently.

Statistical Analysis
The descriptive statistics are given as median and interquartile
range throughout the manuscript. As needed, the range is
given additionally. Using appropriate nonparametric tests, the
groups were statistically compared and correlation analysis
were performed (Kruskal-Wallis H test, Mann-Whitney–U test,
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TABLE 1 | Demographic, clinical and sonographic data.

Parkinson’s disease

(n = 31)

Essential tremor

(n = 16)

HC

(n = 16)

p-value

Age (years) 69.0 (14.0) 63.5 (21.25) 58.0 (9.25) 0.079H

Female (%)/ 10 (32.3)/ 8 (50)/ 10 (62.5)/ 0.129F

Male (%) 21 (67.7) 8 (50) 6 (37.5)

Time to first suspected disease 9.0 (6.0) 4.5 (9.75) – 0.220U

Hoehn and Yahr 2.0 (0) – –

MDR-UPDRS III 28.0 (14.0) 7.5 (5.0) 0.5 (2.0) <0.001H,b

BDI-II 10.0 (14.0) 12.0 (12.5) 5.0 (8.25) 0.050H,c

LARS −24.0 (15.0) −30.0 (9.0) −31.0 (4.75) <0.001H,b

TCS

Axial SN echogenicity in cm2

(Hyperechogen in %)

0.27 (0.10)

(90.3)

0.14 (0.04)

(12.5)

0.145 (1.0)

(18.8)

<0.001H,a

<0.001F,a

Reduced BR signal

axial (%)

32.3 6.7 6.3 0.044F,a

Reduced BR signal

coronal (%)

29.0 6.7 6.7 0.119F

Boldface p-values indicate statistical sgnificance. Values are given in median and (interquartile range). MDR-UPDRS, Part 3 of the Movement Disorder Society Unified Parkinson Disease

Rating Scale, BDI-II, Becks Depression Inventory II; LARS, Lille Apathy Rating Scale; TCS, Transcranial sonography.
aSignificant difference between the three groups but not between ET patients and HC; bSignificant difference between the three groups and also between ET patients and HC; cSignificant

difference between the three groups but not between PD and ET patients; HKruskal-Wallis H test; UMann-Whitney-U test;
FFreeman-Halton extension of Fisher’s exact test.

FIGURE 1 | Corresponding mesencephalic axial examination planes. The butterfly-shaped midbrain is outlined for better visualization. The asterisk indicates the

aqueduct. Arrowheads indicate the brain stem raphe. (A) Raphe structure not visible, grade 0, pathologic finding. (B) Echogenic line of the raphe is interrupted, grade

1, pathologic finding. Long arrows indicating the hyperechogenic enlarged area of Substania nigra (C) Normal echogenicity, grade 2, normal finding.

Wilcoxon-Test, Fisher’s exact test, Freeman-Halton extension
of Fisher’s exact test, Spearman rho analysis) with SPSS 23.0
for Mac.

RESULTS

Study Population and Clinical Features
We screened 36 patients with Parkinson’s disease; four patients
(11.1%) were excluded owing to an inadequate temporal bone
window and one patient (2.7%) was excluded owing to severe
dementia. Thus, 31 PD-patients (21 men, 10 women; age = 69.0
[14.0] years) were included into the study. Furthermore, one
of the initially 17 patients with essential Tremor was excluded
owing to an inadequate temporal bone window resulting in 16
ET patients (8 men, 8 women; age = 63.5 [21.25] years) being

included. As control group, 16 healthy subjects were recruited
(6 men, 10 women; age = 58.0 [9.25] years). LARS could be
performed in 44 participants of the patient population. Detailed
information about the clinical characteristics of all participants is
demonstrated in Table 1.

Symptoms of Depression and Apathy
Prevalence of depression based on BDI-II definition value
differed significantly over the three groups. Owing to the
definition, 10 (32.3%) PD patients, 3 (18.8%) ET patients and
none of the HC were depressive in our investigation (Freeman-
Halton extension of Fisher’s exact test, p = 0.024). Additionally,
there was a strong tendency for difference between PD-patients,
ET-patients and HC regarding to the BDI-II Score (Kruskal-
Wallis H test, p = 0.05). BDI-II scores of PD-patients and
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FIGURE 2 | Corresponding MRI and TCS images of coronal examination planes in a patient with idiopathic Parkinson’s disease. Coronal MR scanning plane (A) and

corresponding TCS examination plane (B) at brainstem level. (C) Zoom in of midbrain structures for planimetric assessment of the echogenic area of substantia nigra

and evaluation of brainstem raphe. The large arrows in (A) and (B) indicate substantia nigra (note that in TCS the SN is displayed echogenic). White asterisks mark the

third ventricle. Arrowheads in (A) and (B) indicate the inferior horn of lateral ventricle. Small arrow in (C) indicates the normal appearing brainstem raphe. TL, temporal

lobe; P, Pons; T, thalamus.

ET-patients showed comparable results (Mann-Whitney–U test
p = 0.770). The BDI-II score was significantly different between
PD-patients and HC (Mann-Whitney–U test, p = 0.02) while
the BDI-II scores of ET-patients and HC did not show a
substantial difference as the postulated p-value level of statistical
significance could not be reached (Mann-Whitney–U test,
p= 0.056).

Analyzing the appearance of apathy, 12 (38.7%) PD patients,
one (7.7%) ET patient and none of the HC were apathic
indicating a significant difference in apathy prevalence over
the groups (Freeman-Halton extension of Fisher’s exact test,
p = 0.002). Between ET patients and HC no difference in
apathy prevalence was found (Fisher’s exact test, p = 1.000).
Regarding to LARS scores, there was also significant difference
over the three groups (Kruskal-Wallis H test, p < 0.001). This
difference in LARS scores appeared significant between PD and
ET patients (Mann-Whitney–U test, p = 0.023) and significant
between ET patients and HC (Mann-Whitney–U test, p= 0.045)
and PD patients and HC (Mann-Whitney–U test, p < 0.001),
respectively.

In respect to coexisting apathy and depression, 5 (41.6%)
of the apathic PD patients had only apathy and 7 (58.3%)
had apathy and depression. Concerning depressive PD patients,
3 (30.0%) had only depression and 7 (70.0%) had both
depression and apathy. Interestingly, in these subgroups of
PD patients with isolated either depressive (3 patients, 9.7%)
or apathic (5 patients, 16.1%) symptoms, only one (3.2%)
PD patient with isolated apathy showed an altered BR Signal
in TCS.

Correlation of LARS and BDI-II
For each group of the study population BDI-II and LARS scores
were correlated. Only for PD patients a significant positive
correlation was found (PD: rho = 0.657, p < 0.001). In ET
patients and in the group of HC, no significant correlation was
determined (ET: rho = 0.075, p = 0.808; HC: rho = 0.131,
p= 0.630).

Transcranial Sonography Findings
In one ET patient the BR could not sufficiently be evaluated.
In one HC only the axial sonographic BR analyzes could be
examined. In both cases there was a partially insufficient bone
window. Evaluation of BR echogenicity revealed that 10 (32.3%)
of the 31 patients with PD, but only one (6.7%) of the remaining
15 patients with ET and only one (6.3%) of the 16 healthy
controls exhibited a reduced BR signal in the axial TCS plane
indicating structural alterations in this area (Freeman-Halton
extension of Fisher’s exact test, p = 0.044). Using the coronal
TCS plane, almost the same distribution of BR alterations in
the groups was found (Freeman-Halton extension of Fisher’s
exact test, p = 0.119). Correlation of axial and coronal TCS
results in BR region was very high (rho = 0.950, p < 0.001)
(Table 1).

As BR signal alterations in TCS were very rare in ET
patients und HC, correlation analysis of BDI-II, LARS and
the sonographic BR results was only performed in the PD
group determining a significant negative correlation between
BDI-II and BR (rho = −0.420, p = 0.019) and LARS and
BR (rho = −0.427, p = 0.017) using the axial TCS plane.
Assessing BR through the coronal TCS plane in the PD
population, the negative correlation values between BDI-II and
BR (rho=−0.434, p= 0.015) and LARS and BR (rho= −0.407,
p = 0.023) were comparable to the axial TCS assessment.
The correlation analysis is also visualized as scatterplots in
Figure 3.

Comparing BDI-II and LARS scores between PD patients
with and without BR signal alterations in TCS, a significant
difference was found. PD patients with BR alterations in axial
TCS plane had higher scores in BDI-II (Mann-Whitney–U test,
p = 0.025) and LARS (Mann-Whitney–U test, p = 0.022)
compared to PD patients without BR signal changes. The same
relation was found for coronal TCS plane by comparing the
BDI-II and LARS scores in PD patients and without BR signal
changes (BDI-II: Mann-Whitney–U test, p = 0.029; LARS:
Mann-Whitney–U test, p = 0.018). Findings are summarized in
Table 2.
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FIGURE 3 | Scatterplots of correlation analysis of BDI-II and LARS with BR signal alteration in the axial and coronal TCS examination.

No differences in BDI-II scores were found if depressive PD
patients with and without BR signal alteration in TCS were
compared irrespective of applying the axial (Kruskal Wallis H
Test, p = 0.469) or coronal TCS plane (Mann-Whitney–U test,
p= 0.257). Moreover, no differences in LARS scores were found,
comparing apathic PD patients with and without BR signal
alteration in TCS, neither for the axial (Kruskal Wallis H Test,
p= 0.683) nor for the coronal TCS plane (Mann-Whitney–U test,
p= 0.792).

Concerning SN hyperechogenicity, the mean ± 1 SD
in the group of HC was calculated as 0.19 cm2 for axial
TCS plane resulting in a robust cut-off value for SN
hyperechogenicity of unilateral echogenic SN area of at least
0.20 cm2.

28 PD patients (90.3%), three HC (18.8%) and two ET
patients (12.5%) showed SN hyperechogenicity (Freemann-
Halton extension of Fisher’s exact test, p < 0.001). Relating to
the appearance of axial SN hyperechogenicity in the ET patients
compared with the HC, no difference between these groups was
found (Fisher’s exact test, p= 1.000).

In the group of PD patients, the area of the SN in TCS
was significantly larger than the SN area of the ET patients
and HC (Kruskal-Wallis H test, p < 0.001), respectively. No

difference in SN areas was found between ET patients and HC
(Mann-Whitney–U test, p= 1.000).

DISCUSSION

To our knowledge, this is the first study to correlate BR
signal alterations with symptoms of apathy in PD patients.
Furthermore, this is the first study which detects BR echogenicity
additionally in the recently introduced coronal TCS examination
plane. We could show, that BR signal alterations detected by
axial TCS examination plane appear more frequently in PD
patients compared to ET patients and HC. Similarly, concerning
the coronal TCS examination plane, we could confirm a higher
prevalence of BR signal alterations in PD patients compared
to ET patients and HC. With regard to BR signal changes, the
correlation of axial and coronal TCS examination planes was
very high indicating no superiority of one TCS plane compared
to the other. However, as sonographic raphe analysis is based
on a three-point scale we did not expect a substantial difference
between the results of both TCS planes a priori.

In other studies, there have been discrepancies in the
prevalence of apathy and its status as an independent symptom
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TABLE 2 | Relation of BR, LARS, and BDI-II.

PD patients (n = 31)

BDI-II LARS

Spearman rho p-value Spearman rho p-value

Axial BR evaluation in TCS −0.420 0.019 −0.427 0.017

Coronal BR evaluation in TCS −0.434 0.011 −0.407 0.023

Axial BR evaluation in TCS Coronal BR evaluation in TCS p-value

BR- BR+ BR- BR+ Axial Coronal

BDI-II 19.5 (12.25) 7.0 (11.5) 20.0 (9.5) 7.0 (8.75) 0.025U 0.029U

LARS −14 (10.75) −26.0 (17.5) −13.0 (12.5) −25.5 (14.5) 0.022U 0.018U

Boldface p-values indicate statistical significance. Values are given in median and (interquartile range). BDI-II, Becks Depression Inventory II; LARS, Lille Apathy Rating Scale; TCS,

Transcranial sonography; BR, Brainstem raphe; BR–, With brainstem raphe alterations; BR+, Without brainstem raphe alterations; UMann-Whitney-U test.

of PD. Brok et al. found that about 40% of PD patients are
suffering from apathy (21). In our study, we found comparable
results by determining apathy in about 38.7% of our PD
patient population. We could show that a higher grade of
apathy was negatively correlated to BR signal alterations in
TCS and that PD patients with BR signal changes in TCS
had higher scores in LARS. BR alterations in TCS might
appear as a structural correlate to apathic symptoms and
thus could serve as a correlating biomarker for apathy in
PD. Furthermore, TCS might allow to identify PD patients
which are at high risk of developing apathy. To validate
these findings, a prospective longitudinal study paradigm is
needed.

One of the ET patients and none of the HC were apathic
according to the definition. Apathy has been occasionally
described to occur independently from depression in ET
patients (22). In our study, ET patients had higher overall
scores in LARS compared to HC indicating a difference
in the magnitude of apathic symptoms between these two
groups.

In our study, PD patients with BR signal alterations showed
significantly higher scores in BDI-II compared to those without
BR signal alterations. Independently of the applied TCS plane,
the BR signal alteration in TCS was significantly negatively
correlated to the BDI-II scores in the PD patients group. This
suggests that a structural change in the BR could be associated
with the occurrence of depression as well as the severity of
depressive symptoms in PD patients and thus might also have
a value as a biomarker for depression in PD. Therefore, BR
evaluation by TCS might allow to identify a subpopulation of
PD patients which are at higher risk to develop a depressive
symptomatology and would benefit from a more frequent follow
up or more intensive medical treatment. Additionally, we have
found a correlation of BR signal changes and apathic symptoms
indicating that BR alterations in PD could serve as a biomarker
for both apathy and depression. In most of the PD patients
apathy and depression were present simultaneously and BDI-
II and LARS scores were significantly positively correlated

indicating a coexistence of apathic and depressive symptoms in
PD.

A reduced BR signal, seen as absent or interrupted echogenic
midline structure, is thought to reflect alterations in the
serotonergic system and has been reported to be associated
with depression in PD patients and with other extrapyramidal
neuropsychiatric disorders like Huntington’s disease (8, 9, 23).
Anatomically, the echogenic midline in general represents
various nuclei and fiber tracts of which the dorsal raphe
nucleus is one of the main structures. The raphe nucleus is
the major origin for serotonin release in the brain (24). A
reduced echogenic signal of the BR could be due to alterations
in the micro-architecture of this region (25, 26) and thus
reflect a serotonin deficiency which is involved in depression
pathophysiology.

The pathophysiological basis of apathy is still unknown.
Concerning PD, this study found a correlation between
sonographic BR alteration and apathy. As the echogenic raphe
midline has much more fine anatomical structures than the
raphe nuclei, it is also possible that microanatomical changes in
other brain regions involved in the serotonin metabolism exist in
addition. To our knowledge, sonographic BR signal alterations in
PD have only been associated to mood disorders. Interestingly, a
recent study has found a significant correlation between tremor
severity in PD and raphe dysfunctionmeasured by 123 ioflupane-
fluoropropyl-carbomethoxy-3-beta-4-iodophenyltropane single
photon emission computed tomography images (27). Further
studies should check if sonographic BR signal changes are also
linked to motor symptoms in PD.

Because the current BR evaluation in TCS is limited to a
three-point scale, the discrimination of BR assessment might
not be precise enough to detect differences in the severity of
depression. We could not correlate the severity of depression
in depressive PD patients to the extent of BR alterations in our
study.

Interestingly, no difference with regard to BR signal
alterations was found between ET patients and HC, although
depression was present in some cases and BDI-II scores were
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higher in ET patients compared to HC as has been shown before
(28, 29). This implies that depression in ET in contrast to PD does
not seem to be associated with BR alterations in TCS.

In conclusion, BR signal alterations were found more
frequently in PD patients compared to ET patients and
HC independent of the applied axial or coronal TCS
examination plane. BDI-II and LARS scores of PD patients
could be correlated to BR signal alterations of both TCS
planes. This indicates that a serotonergic signal disturbance
might exist for both depression and apathy and that
pharmacologic therapy should take these findings into
account. In the case of depression, it has been already
reported that a reduced BR signal might be associated with
better treatment responses to serotonin-reuptake-inhibitors
(SSRI) (30). Further prospective and longitudinal studies
are urgently needed to validate these study results in PD

in order to substantiate this novel tool to more precisely
identify PD and ET patients at risk to develop depression and
apathy.
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Progranulin (PGRN), Total-Tau (t-tau), and Neurofilament light chain (NfL) are well known

biomarkers of neurodegeneration. The objective of the present study was to investigate

whether these parameters represent also biomarkers in autoimmune-mediated

Encephalitis (AE) and may give us insights into the pathomechanisms of AE. We

retrospectively examined the concentration of PGRN in the cerebrospinal fluid (CSF) and

serum of 38 patients suffering from AE in acute phase and/or under treatment. This

AE cohort comprises patients with autoantibodies against: NMDAR (n = 18 patients),

Caspr2 (n = 8), Lgi-1 (n = 10), GABAB(R) (n = 1), and AMPAR (n = 1). Additionally, the

concentrations of NfL (n = 25) and t-tau (n = 13) in CSF were measured when possible.

Follow up data including MRI were available in 13 patients. Several age-matched cohorts

with neurological diseases besides neuroinflammation or neurodegeneration served as

control groups. We observed that PGRN was significantly elevated in the CSF of patients

with NMDAR-AE in the acute phase, but normalized at follow up under treatment

(p < 0.01). In the CSF of other patients with AE PGRN was in the range of the CSF

levels of control groups. T-tau was highly elevated in the CSF of patients with temporal

FLAIR-signal in the MRI and in patients developing a hippocampal sclerosis. NfL was

exceptionally high initially in Patients with AE with a paraneoplastic or parainfectious

cause and also normalized under treatment. The normalizations of all biomarkers were

mirrored in an improvement on the modified Rankin scale. The data suggest that the

concentration of PGRN in CSF might be a biomarker for acute NMDAR-AE. Pathological

high t-tau levels may indicate a risk for hippocampal sclerosis. The biomarker properties

of NfL remain unclear since the levels decrease under treatment, but it could not predict

severity of disease in this small cohort. According to our results, we recommend to

measure in clinical practice PGRN and t-tau in the CSF of patients with AE.

Keywords: progranulin, neurofilament light chain, NMDAR encephalitis, Lgi-1 encephalitis, Caspr2 encephalitis,

tau, autoimmune encephalitis
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INTRODUCTION

Since the appearance of antibody-mediated autoimmune
encephalopathy (AE) numerous antibodies (ab) have been
linked to different clinical symptoms such as limbic encephalitis,
faciobrachial dystonic seizures or dementia-like symptoms
(1–3). Biomarkers of neurodegeneration mirror certain
pathomechanisms of neuronal or axonal loss. The measurement
of these biomarkers should bear the potential to provide
useful information in everyday clinical life, e.g., to monitor the
immunosuppressive therapy in Patients with AE. CSF antibody
titres in e.g., contactin-associated-protein-receptor-2 (Caspr2)-
AE or Leucin-rich glioma inactivated ptotein-1 (Lgi-1)-AE do
not mirror the disease course in a linear way (4, 5). Furthermore,
the clinical course in several patients suggests that an antibody
titer independent pathomechanism might take place (6–8).
The underlying mechanisms causing this dichotomy of clinical
symptoms and antibody titer are largely unknown (8). One
possible explanation could be the effect of the long survival of
plasma cells in the brain (9). The brain-resident plasma cells itself
cannot be measured as yet, but the damage possibly caused by
autoantibodies should be detected via biomarkers for neuronal
and axonal loss such as t-tau, PGRN, and NfL.

Recently, a direct connection between neurodegenerative
mechanisms and AE has been detected in AEs mediated by
IgLON5 causing an atypical tauopathy (10). Vice versa a
correlation between autoimmune diseases and Tar DNA-binding
Protein 43 (TDP-43) mediated neurodegeneration in FTD
patients has been reported (11). There is also some debate about
IgA-NMDAR-Abs and IgM-NMDAR-Abs (3, 12, 13) causing
dementia-like symptoms and mimicking neurodegenerative
diseases. Histopathological examinations in patients with AE
have been focused on the immunological mechanisms triggered
and maintained by the antibodies (8) disregarding a systematic
research for markers of neurodegeneration so far. Only one
case report of a Lgi-1 antibody positive patient presenting
some neurodegenerative markers has been reported at autopsy,
without witnessing pathological changes in alpha-synuclein,
beta-amyloid, or neurofibrillary tangle (14). MRI findings and
long-term neuropsychological data also suggest an involvement
of the frontal and temporal lobes in the clinical course of
the NMDAR-AE and voltage-gated-potassium channel (VGKC)-
complex-mediated AE (15–18). Another group has looked at the
glial fibrillary acid, NfL and t-tau levels in patients with suspected
AE (19). Their group only encompassed four patients with
NMDAR-AE and one Lgi-1 patient with most of them having a
status epilepticus (SE) before, as SE is known for confounding
the protein levels in the CSF (20, 21). They found higher NfL

Abbreviations: Ab, Antibody; AD, Alzheimer’s disease; AE, Autoimmune

mediated Encephalitis; AMPAR, alpha-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid receptor; Caspr2, Contactin associated protein

2; CSF, cerebrospinal fluid; FTD, Frontotemporal dementia; GABAB(R),

Gabaaminobutyrat-B subunit receptor; Lgi1, Leucin-rich glioma inactivated

protein1; NMDAR, N-methyl-D-aspartate receptor; NfL, Neurofilament

light chain; PGRN, Progranulin; SE, Status Epilepticus; t-tau, T-tau; VGKC,

Voltage-gated potassium channel.

and t-tau levels in all patients, which is most likely due to the
SE before. In pediatric opsoclonus-myoclonus syndrome caused
by antibodies with intracellular epitopes, immunosuppressive
treatment has shown to decrease the CSF-Neurofilament light
chain levels together with a concomitant clinical improvement
(22, 23).

Here, we examined concentrations of PGRN, NfL, and t-
tau, well-established biomarkers of neurodegeneration, in CSF
and serum of 38 patients with antibody positive AE. The aim
of this study is to investigate if these proteins are possible
biomarkers in Patients with AE. Also, the knowledge about
the biomarkers of neurodegeneration CSF-levels may give clues
about the pathological mechanisms in these patients.

METHODS

Clinical Cohort
This retrospective study was performed according to the
local ethical committees in Berlin, Potsdam, Brandenburg,
Magdeburg and Bielefeld, respectively. All patients gave written
and informed consent (ethics committee approval number
100/16). We included only patients with a proven AE by clinical
symptoms as recommended by Graus et al. (24) and detection
of pathological antibodies with extracellular epitopes via indirect
immunofluorescence tests. The samples of AE-Patients were
collected from April 2013 until October 2017 in Berlin, Potsdam,
Tübingen, Bielefeld, and Magdeburg where their samples were
initially stored at −80◦C and sent to Magdeburg. Every sample
was stored in Magdeburg at −80◦C and all biomarkers were
measured in Magdeburg. All samples were run in duplicate with
the mean taken as result. Samples were measured over time and
not in a batch.

All patients received a lumbar puncture as part of the
diagnostical work up when presenting for the first time
on the ward and for antibody titre control in follow up
depending on each individual disease course. At least 5ml
up to 13ml CSF was taken and serum was collected in
serum separator tubes and centrifuged at site. Every patient
(n = 38) suffered from a limbic encephalitis including its
variants, e.g., limbic encephalitis together with vegetative and/or
peripheral neurological symptoms. All patients improved
under immunosuppressive therapy. Treatment comprised
methylprednisolone (dosage ranges from 3 g up to 18 g during
disease course), cyclophosphamid or rituximab (with aminimum
dosage of 2g), plasmapheresis or ivIG. We had no patients with
a relapse in this cohort. None of the patients had a status
epilepticus before lumbar puncture confounding the biomarker
levels because of neuronal and axonal death due to the status
epilepticus.

Two patients with other antibodies targeting extracellular
epitopes [AMPAR and GABAB(R)] were not considered in the
statistical analysis but for Figure 3 to illustrate the biomarker
and MRI timeline an AE patients. See Table 1 for the different
AE cohorts used per biomarker. We had follow up data in 13
patients. All other patients (samples) were categorized into either
initial/acute phase or under treatment.
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TABLE 1 | Epidemiological data.

Biomarker Antibody Initial [age/sex] Follow up [age/sex]

Progranulin NMDAR 6 [28.9/6:0] 17 [27.1/16:1]

Caspr2 8 [61.9/2:6] 5 [67.1/0:5]

Lgi-1 7 [69.0/5:2] 6 [63.2/3:3]

T-Tau NMDAR 3 (38.7/3:0] 3 (38.7/3:0]

Caspr2 5 [69.6/0:5] 5 [69.6/0:5]

Lgi-1 3 [63.7/2:1] 3 [63.7/2:1]

Nfl NMDAR 3 (38.7/3:0]* 13 (30.2/12:0]

VGKC-group
{ Caspr2 6 (68.3/1:5] 5 [67.1/0:5]

Lgi-1 3 [63.7/2:1] 3 [63.7/2:1]

Control group young None 24 [29.9/18:6] *

Control group old None 21 [60.0/9:12] *

*not part of statistics

sex = female:male

Overview of the single groups tested in this study. Number of patients included in bold,

sex and mean age are listed.

Magdeburg Group
Patients with AE who were identified and treated in Magdeburg
(n = 13) build a special cohort, because we could e.g., compare
serial MRIs to look for AE caused lesions, basic CSF parameters,
the outcome with the modified Rankin scale, t-tau, and other
biomarker levels in the CSF and ab titer. The modified Rankin
scale in this cohort was assessed by two experienced neurologist
(PK, DB). Six out of thirteen had a paraneoplastic origin and one
patient a postinfectious origin of the AE.

CSF-Neurofilament Light Chain Measurements
We divided the AE cohort into three groups regarding the CSF-
NfL measurements in order to be able to perform a sufficient
statistical analysis (see Table 1). One group with voltage-gated
potassium channels (VGKC) mediated AE (comprising the
Caspr2 and Lgi-1 patients) subdivided in an “initial” (n = 9) and
“under treatment,” meaning after several immunosuppressive
therapies, subgroup (n = 8) and one group with NMDA patients
under treatment (n= 13) (see Table 1 and Figure 1). There were
not enough NMDA patients who would fit into an initial/acute
phase group (n = 3). Therefore, this group could unfortunately
not be part of the statistical analysis.

Neurofilament light chain was measured with a commercial
ELISA (Umandiagnostics, Sweden, catalogue number 10-7001
CE). The sensitivity of this assay is 31 pg/ml. The cut-off for
pathological levels was set at 3523 ng/ml (mean (1823[ng/ml]) +
2 standard deviation (850[ng/ml]) above). Intraessay coefficient
of variance is 7.4% and interessay coefficient of variance is
6%. NfL is a stable protein, which can be measured in the
CSF even though the sample was on room temperature for up
to 8 days (25). Therefore, we could measure NfL in samples
not collected at Magdeburg, We used an already established
control group at Magdeburg (n = 34, mean age = 64.4, CSF-
NfL= 1823 ± 850 [ng/ml]) comprising patients with other
than neuroinflammatory or neurodegenerative diseases (e.g.,
headache, suspicion of infection in the CNS etc.).

FIGURE 1 | CSF Progranulin levels [pg/ml] in patients with AE (n = 36)

measured divided by antibody and by phase of disease (initial vs. under

treatment). Significant results are marked with a *. Normal range is marked in

light red. Line represents the median and the error bars represent the

interquartile range. Black points are outliers.

Total-Tau Measurements
The correct measurement of t-tau due to manufacturer’s
instructions requires different than standard processing of the
CSF samples to create a cell-free sample excluding this parameter
from a retrospective study. We yielded t-tau levels only in
the Magdeburg group, as t-tau is part of the routine in
Magdeburg but not in the other centers involved. Total-Tau
levels were determined using a commercially available single-
parameter ELISA kit [Innogenetics, Ghent, Belgium, catalogue
numbers: 81572 (962-CE) and 81573] established in our routine
diagnostical work up. Intraessay coefficient of variance is
13.2% and interessay coefficient of variance is 11.5%. The
pathological levels were considered according to themanufacture
guidelines.

CSF-Progranulin Measurements
We measured PGRN in CSF and serum of 36 Patients with AE.
We divided our AE cohort (n = 36) into three groups according
to the antibody causing the limbic encephalitis when looking
statistically at the CSF-PGRN levels: one Lgi-1 group (n = 10,
mean age = 69.2), one Caspr2 group (n = 8, mean age = 61.9)
and a NMDAR group (n = 18, mean age = 27.1). These
three groups were subdivided into two subgroups respectively
one before and one after initiating immunosuppressive therapy
(again, called “initial” or “under treatment”) (see Table 1 and
Figure 2).

A commercial ELISA was performed to determine the
levels of PGRN (Human Progranulin ELISA Kit, Mediagnost,
Reutlingen, Germany, catalogue number E103) according to the
manufacturer’s instructions. Intraessay coefficient of variance is
4.4% and interessay coefficient of variance is 8.0%.

We established two control groups for PGRN measurements.
Since PRGN levels are age dependent, we build a younger
control group (n = 24; mean age 29.3 years; 18–40yrs)
and one older group (n = 39; mean age 66.3 years,
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FIGURE 2 | CSF-Neurofilament light chain (NfL) levels divided into three

possible groups (NMDA under treatment n = 14, VGKC initial n = 7 and under

treatment n = 6) as box plots (number of measurements, n = 30). The area in

light red marks the normal range. Please note that all levels are inside the

normal range. Line represents the median and the error bars represent the

interquartile range. White points mean outlier and star extreme outliers.

50–75 years) and correlated it to age. The patients from
these control groups had other neurological diseases than
neuroinflammatory or neurodegenerative (e.g., acute headache,
excluding neuroinflammatory diseases, no epilepsy patients).
CSF-PGRN level was considered pathological, when the CSF-
PGRN levels per control group were two standard deviation
above or below the mean for each control group respectively.

Antibody Detection
Antibody detection was either performed at the antibody
laboratory Bielefeld, at the University Hospital Schleswig-
Holstein, Department of Neuroimmunology Kiel and Lübeck
or at the Institute of Molecular and Clinical Immunology
Magdeburg. Standard indirect immunofluorescence tests
were performed on antigen-specific transfected Hek293
cells as commercially available and used in clinical routine
(EUROIMMUN, Lübeck, Germany, catalogue numbers: FA
112d-1003-6, FA 112d-1003-51, FA 1430-1003-1) for each
patient revealing the specific antibody and the titer in CSF and
serum.

Statistics
Statistics were calculated by SPSS 21.0 (IBM, Seattle, USA).
Since group size and variances were not equal non-parametric
tests were applied. For comparison of more than two different
groups Kruskal-Wallis test was used with tamhanes post-hoc
analysis. Group comparison of two groups was analyzed with
Mann-Whitney-U test when they were independent and with
the Wilcoxon test when the samples were paired to each
other. For correlational analysis of serum and CSF PGRN
Spearmann-rho correlation was applied. Tests were considered
significant when reaching p < 0.05. There was no test for outliers
applied.

RESULTS

Cohorts
Since the CSF-PGRN level is age-dependent we established
a younger control group aged 18–40 years (n = 24, CSF-
PGRN= 0.72 ± 0.17 ng/ml, Serum-PGRN = 36.4 ng/ml, mean
age = 29.3 years) and a control group 50-75 years (n = 39, CSF-
PGRN = 0.94± 0.22 ng/ml, Serum-PGRN = 28.5 ng/ml mean
age = 66.3 ± 9.8 years). Spearman correlation statistics revealed
a significant correlation between CSF-PGRN and age (r = 0.275,
p= 0.02).

In the Magdeburg group 9/13 had a FLAIR-intense signal
in the limbic system on the MRI. Five out of thirteen patients
developed a hippocampal sclerosis due to AE (see Table 2

and Figure 3). Every patient with pathologically elevated t-tau
levels developed a hippocampal sclerosis. The one patient, who
developed a hippocampal sclerosis without elevated t-tau levels
but elevated NfL concentrations, was administered after he was
already treated and had a hippocampal sclerosis. Therefore the
CSF was taken and measured ∼8 months after beginning of the
AE and treatment. On the contrary only 4 out of 7 patients
with pathological NfL levels developed a hippocampal sclerosis.
Every marker of neurodegeneration and the modified Rankin
scale (mRS) decreased after initializing the immunosuppressive
treatment paralleled by a decrease in antibody titre (see Figure 3
for examples and Table 2 for the follow up data).

Neurofilament Light Chain
NfL was pathologically high (>3523 pg/ml) in 7/23 patients at
different stages of the AE (see Figures 2, 3 and Table 2). Out
of these seven patients, four had a paraneoplastic origin of the
AE and one a postinfectious origin. Furthermore, 5/7 patients
had a FLAIR-intense signal in the limbic areas on the MRI,
which normalized during immunosuppressive treatment. This
decrease in FLAIR signal was mirrored by a decrease in NfL-
levels reaching normal NfL levels during disease course (see
Figure 3 and Table 2). Three out of five patients who developed
hippocampal sclerosis had elevated CSF-NfL levels additionally
to the also elevated t-tau. Solely elevated CSF-NfL was found in
4 patients. We correlated the leukocyte count to the NFL levels
in the Magdeburg cohort and found no correlation (Spearmans
r = 0.625).

There was a trend toward a lower NfL in the NMDA
under treatment group (CSF-NfL = 1455 [pg/ml], range 142–
6841[pg/ml]) compared to the VGKC under treatment group
(CSF-NfL = 2164 [pg/ml], range 821–4039 [pg/ml]) (Mann-
Whitney U test p = 0.052 Z = −1.941), while there was no
difference comparing the VGKC subgroups initial vs. under
treatment (Wilcoxon test p= 0.735 and Z=−0.338).

Total Tau
Looking at the initial t-tau in our patients (before initiating the
treatment) revealed a pathologically high t-tau in 4 patients (see
Table 2). All 4 patients had MRI-FLAIR intense signals in the
temporal lobe/limbic system and subsequently a hippocampal
sclerosis. Immunosuppressive treatment did show an effect on
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TABLE 2 | Biomarkers in the Magdeburg cohort.

Antibody Titer Age Year T-tau NFlight CSF-PGRN Serum-PGRN Cell count mRS Comment

CSF/Serum Onset pg/ml ng/ml pg/ml pg/ml CSF

>370 >3488 <0.54–1.4> <18–54> < 4 cells/mm2

Patient 1 Caspr2 1:128/1:32000 60–65 2013 253 12342 0.76 n.a. 3 5 Temporal FLAIR-intense signal

none/1:375 2015 133 2152 0.8 32.5 0 3 Paraneoplastic origin

none /1:128 2015 108 2055 0.61 30.62 1 3 Hippocampal sclerosis

Patient 2 Caspr2 1:64000/1:750000 75–80 2014 # 292 2047 1.02 27.11 13 5 Temporal FLAIR-intense signal

1:6000/1:96000 2015 213 2123 0.87 30.63 17 1

Patient 3 Caspr2 1:320/1:3200 70–75 2015 # 367 4536 0.84 21.94 0 1 Normal MRI

1:320/1:3200 2015 # 328 3580 0.74 22.05 3 1

Patient 4 Caspr2 1:3200/1:1000 70–75 2016 # 314 3705 0.95 35.18 6 5 Temporal FLAIR-intense signal

1:10 /1:2000 2016 317 4039 0.82 51.57 2 1

Patient 5 Caspr2 1:320/1:4000 66–70 2017 # 349 2159 1.01 32.04 5 4 Normal MRI

1:8/1:1000 2017 375 2586 0.82 43.58 2 0

Patient 6 Lgi-1 none/1:100 60–65 2015 # 796 2128 0.63 32.97 1 3 Temporal FLAIR-intense signal

none/1:32 2015 >11 2493 0.54 38.92 0 0 Hippocampal sclerosis

Patient 7 Lg-1 1:2/1:1000 65–70 2017 # 128 993 0.74 19.97 1 3 Paraneoplastic origin

none/1:320 2017 149 1273 0.73 23 0 0

Patient 8 Lgi-1 1:2 /1:160 60–65 2017 # 197 1582 0.65 27.33 0 3 Temporal FLAIR-intense signal

1:20/1:10 2017 161 1233 0.68 30.12 2 0

Patient 9 NMDA 1:32/1:320 25–30 2010 # 141 n.a. 0.76 29.11 1 5 Paraneoplastic origin

1:10/1:100 2014 105 390 0.89 33.06 3 1

1:1/none 2015 58 553 1.3 n.a. 2 1

Patient 10 NMDA 1:40/1:80 25–30 2016 # 869 38650 1 23.08 7 5 Temporal FLAIR-intense signal

1:10/1:5 2016 229 20736 0.71 17.86 6 2 Hippocampal sclerosis

1:5/1:5 2017 68 6841 0.71 25.43 3 1 Postinfectious origin

Patient 11 NMDA none/1:10 60–65 2014 # 801 28791 1.53 35.51 96 4 Hippocampal sclerosis

none/1:10 2014 372 42286 1.19 32.9 43 0 Temporal FLAIR-intense signal

none/none 2015 192 3975 0.96 35.4 9 0 Paraneoplastic

Patient 12 GABA(B)R 1:320/1:32 50–55 2016 # 135 32029 1.79 37.21 47 5 Paraneoplastic origin

1:320/1:1 2016 168 21439 1.03 37.5 1 3 Temporal FLAIR-intense signal

none/1:10 2016 126 3581 0.95 n.a. 1 2

Patient 13 AMPA 1:32/1:3200 70–75 2014 # 1950 32151 2.47 34.21 43 5 Paraneoplastic origin

1:8/1:375 2014 1984 20354 1.23 38.22 90 4 Temporal FLAIR-intense signal

1:1/none 2015 173 2892 0.7 n.a. 3 2 Hippocampal sclerosis

# Before treatment

n.a. Not available

Complete list of all 13 patients in the cohort where follow up data is available including antibody, antibody serum titer, age, year at which the sample has been obtained, Neurofilament

light chain (NfL), Total-tau (T-Tau), CSF-Progranulin (PGRN), Serum-Progranulin, cell count, modified Rankin scale (mRS) and comments on MRI abnormalities and putative pathogenesis;

n.a., not available; #, timepoint before start of the immunosuppression.
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FIGURE 3 | Three examples of patients from the Magdeburg cohort (patient 5, 12, and 13 see Table 1) showing the under treatment MRI together with the

CSF-Neurofilament light chain (NfL), CSF-Progranulin (PGRN), and Total tau. Normal levels are marked in green at the y-axis and pathological levels are marked in red.

Notice the hippocampal sclerosis in the Lgi-1 patient and the complete recovery from the oedema in the GABA(B)R-AE-patient without a clear sign of a hippocampal

atrophy. The third patient has a AMPAR-AE. The follow up in this patient shows a severe bilateral hippocampal atrophy. Nevertheless the patient improved over years.

the modified Rankin scale and also resulted in a decrease of t-
tau in these patients. The FLAIR signal also decreased in these
patients (see Figure 3). In the other 8 patients without elevated
t-tau levels immunosuppressive therapy had no effect on t-tau
levels. A concomitant tumor had no impact at all on the t-tau
levels. (see Table 2).

Progranulin
The mean CSF-PGRN levels were pathologically high in the
initial NMDAR-group (CSF-PGRN=1.55 ± 1.1 ng/ml) reaching
significance when compared to the NMDAR under treatment
group (Mann-Whitney-U test Z = −2.5 and p = 0.012) and
also when compared to the age-matched healthy group (Mann-
Whitney-U test Z = −2.689 and p = 0.007). Serum PGRN levels
were inside normal ranges in every AE patient and did not
change after immunosuppression (see Figure S1). CSF-PGRN
and CSF-Serum ratios ranged from 0.01 to 0.1, still CSF-PGRN

is show to originate from the CNS when measured in the CSF
(26, 27) We also could not find a correlation between Serum-
PGRN and CSF-PGRN in all groups (Spearman-rho coefficient
r = 0.17, p = 0.3) (Figure S1 in the Supplement).After initiating
the immunosuppressive therapy CSF-PGRN dropped to normal
levels (CSF-PGRN= 0.75± 0.2 ng/ml) in the “under treatment”-
group.

Mean CSF-PGRN levels were normal in the Lgi-1 “initial”
group (CSF-PGRN = 0.71 ± 0.11 ng/ml) and in the under
treatment group (CSF-PGRN = 0.72 ± 0.12 ng/ml) (see
Figure 1). Comparing these results to the age-matched group
revealed significant differences (Kruskal-Wallis test: for “initial”
PGRN: p = 0.009, X2 = 9.4, for follow-up: p = 0.04, X2 = 6.3).
There were significantly lower levels in tamhane post-hoc in
the Patients with AE (Lgi-1 initial vs. control p = 0.009 and
p = 0.041 for the under treatment vs. control) The CSF-PGRN
levels in both Caspr2 groups were inside the normal range (mean
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CSF-PRGN initially = 0.75 ± 0.23 ng/ml and mean CSF-PGRN
under treatment = 0.8 ± 0.16 ng/ml) without significant results
when compared to the age-matched controls (Caspr2 initial vs.
under treatment p= 0.35 and Caspr2 under treatment vs. control
p = 0.92). There was no difference between the “initial” and
the “under treatment” group in the Lgi-1 and Caspr2 cohorts,
respectively.

Follow Up Data
In summary, in all cases with an elevated biomarker of
neurodegeneration in the CSF a decrease of biomarkers, ab titres,
and mRS was observed following immunosuppressive treatment
in all patients (see Table 1 and Figure 3) regardless if the origin
was postinfectious, paraneoplastic, or cryptogenic. There were
two patients with all biomarkers simultaneously elevated. None
of these parameters could predict a hippocampal sclerosis for
sure on the one hand; on the other hand every patient who
developed a sclerosis had either elevated t-tau or NfL levels with
t-tau appearing to be more predictive.

DISCUSSION

We could show for the first time that biomarkers of
neurodegeneration originating from CNS are mirroring
the clinical and probably neuroimmunological course of
patients suffering from AE associated with antibodies to
extracellular epitopes. CSF-PGRN is elevated in patients
with NMDAR-AE during the acute phase. Furthermore,
biomarkers of neurodegeneration such as t-tau together with
CSF-NfL in Patients with AE might be predictive of the
clinical outcome especially for developing a hippocampal
sclerosis. The pathologically elevated biomarkers correlated
with the mRS, the clinical course and the antibody titre.
Besides Progranulin in acute NMDAR-AE, NfL, PGRN and
t-tau did not seem to be restricted to one special autoantibody
mediated AE. This may be due to the fact that the neuronal
and axonal damages in general are mirrored and not the
distinct pathomechanisms of each putative pathological
autoantibody.

Neurofilament Light Chain
NfL has been proven as an excellent marker of axonal loss
(28). It seems very unlikely and there has been no data
on whether peripheral tumors such as teratomas nor other
neuroendocrine tumors can influence the CSF-NfL levels as
possible confounders in our study. The co-occurrence of MRI
changes, hippocampal sclerosis, and elevated NfL levels in our
Magdeburg cohort is pointing at a pathomechanism causing
the edema and subsequently the FLAIR signal resulting in the
axonal dysfunction and subsequently increased NfL levels in the
CSF. Other than in neurodegenerative diseases such as FTD
(29, 30) the axonal loss in AE ceases after initiating sufficient
immunosuppressive therapy as seen by the group of Pranzatelli in
pediatric patients with opsoclonus-myoclonus syndrome caused
by antibodies with intracellular epitopes (22, 23). Constantinescu
et al. also measured CSF-NfL in four Patients with NMDAR-
AE with AE and one Lgi-1 patient (19). Three NMDA-patients

had a status epilepticus and highly pathological CSF-NFL levels,
which has been seen in SE for nearly every marker of neuronal
death (20, 21). In our cohort none had a status epilepticus
confounding the biomarkers. This is possibly the reason why
we found normal CSF-NfL levels in all measured Patients with
NMDAR-AE except for the one with postinfectious origin. The
meningoencephalitis with subsequent neuronal and axonal loss
before the AE might be a reason for the elevated NfL levels in
this patient since the infection was only 7 weeks apart from the
AE. Our results are also much more in line with the known
pathomechanism in NMDAR- AE (31, 32) where only marginal
neuronal damage occurs and the main reason for the clinical
symptoms is most likely the internalization of the NMDA-
receptor. The one Lgi-1 patient (without SE) in the cohort of
Constantiescu et al had normal NfL levels as our entire Lgi-1
group.

Total-Tau is a better marker for neuronal death as NfL (see
below). However, FLAIR intense signals in the hippocampus as a
consequence of disturbances of neuronal membrane function did
correlate with NfL levels in our small cohort.

Total-Tau
Total-tau is an excellent marker for neuronal death (21,
33) 4/5 patients who developed a hippocampal sclerosis
had pathological elevated t-tau levels in our Magdeburg
cohort (n = 13). This is well in line with the current
concept of the pathomechanisms leading to a sclerosis (34).
Although, patient 1 (see Table 2) with the Caspr2 AE who
was already treated months before admission to Magdeburg
had only elevated CSF-NfL and normal t-tau levels and a
hippocampal sclerosis (see Table 2). Sadly, it was not possible
to measure NfL and t-tau levels in this patients initial
CSF.

In sum, the measurement of t-tau may be a good marker
before treatment decision in suspected autoimmune encephalitis
or before deciding on the further immunosuppressive treatment
but is limited to laboratories with expertise in measuring t-tau.

Progranulin
PGRN is playing a role in autoimmune mediated diseases such as
rheuma or bowel disease or status epilepticus or in suppression of
neuroinflammation (30, 35–37) Recently, EpiphrinA2 as a part
of the Ephrin receptor kinase has been identified as functional
receptor of PGRN and the potential of PGRN phosphorylating
and activating the EpiphrinB2 receptor (38) linking it to the
dysfunction in the EpiphrinB2 pathway known in AE mediated
by autoantibodies against the NMDA-receptor (39, 40). The
distribution in the fronto-temporal structures (41), the possible
common link with the AE mediated by NMDAR via the
EpiphrinA2-EpiphrinB2 pathway and the known role as a
mediator in neuroinflammation and autoimmunitymakes PGRN
an interesting protein in AE.

We detected elevated CSF-PGRN levels in our NMDA-
patients with a severe ongoing AE. On the other hand, CSF-
PGRN was low in patients suffering from Lgi-1-AE sometimes
reaching levels of FTD patients (29) in contrast to Patients
with NMDAR-AE and controls. The significance of this low
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CSF-PGRN is doubtful because none of the CSF-PGRN levels
normalized after initiating the immunosuppressive therapy. Also
most CSF-PGRN levels in the patients with Lgi-1-AE were still
inside the normal range.

When looking at the t-cell or b-cell specific cytokine patterns
in the patient’s CSF suffering from NMDAR-AE several groups
have seen a massive b-cell predominant cytokine pattern in
the beginning especially in CXCL-13 levels (42, 43) and then a
decrease in follow up. Also, cytokine pattern associated with t-cell
activation were detectable throughout the course of AE without
relevant changes. This course in cytokine levels could explain the
elevated Progranulin levels in patients having acute NMDAR-AE.

PGRN in Serum and CSF was not elevated in patients with AE
due to paraneoplastic origin although PGRN is also known as a
tumor marker for certain tumors such as Lymphomas (44) The
missing correlation between the serum-PGRN and CSF-PGRN is
pointing at a cerebral origin of the CSF-PGRN as already seen
in other diseases (26, 27). Overall, this result is probably due to
an affection of the CSF-PGRN pathway in acute NMDAR-AE
but needs more in vivo and in vitro experiments to be further
examined.

One major limitation of the study is the small sample size in
every subgroup tested. This fact is due to the very low numbers
of patients with AE overall. Although total numbers are too small
to draw a final conclusion the t-tau levels together with the CSF-
NFL levels seem to best characterize the stage of neuronal death
in the brain. The diagnostic value of NFL levels in the CSF should
be evaluated in further studies. Another limitation is that we
only had follow up data in 13 patients limiting our knowledge
about MRI, mRS, and ab titres. Another limitation of the study
is that due to the scarcity of the diseases measurements of the
biomarkers could not be done in a batch but on demand.

A larger study should be conducted to further elucidate
the correlation of these interesting parameters how they could
contribute to therapeutic decisions.

CONCLUSION

NfL, t-tau and PGRN could be potential biomarkers of neuronal
or axonal loss in patients suffering from AE. Especially, the
Patients with NMDAR-AE have elevated PGRN levels at the acute
phase of the AE. This fact further strengthens the hypothesis
of a pathological change in the Epiphrin receptor metabolism
in NMDAR patients. CSF-PGRN may be a marker for acute
NMDA-AE.

Furthermore, we strongly recommend measuring NfL and t-
tau in the CSF of every patient with AE although one biomarker

for itself could not predict all hippocampal sclerosis in this pilot
study. Pathological levels of a biomarker of neurodegeneration
should be considered as an on-going AE and may be taken into
account when planning further therapy.
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We recently identified osmolyte accumulators as novel biomarkers for chronic skeletal

muscle inflammation and weakness, but their precise involvement in inflammatory

myopathies remains elusive. In the current study, we demonstrate in vitro that, in

myoblasts and myotubes exposed to pro-inflammatory cytokines or increased salt

concentration, mRNA levels of the osmolyte carriers SLC5A3, SLC6A6, SLC6A12,

and AKR1B1 enzyme can be upregulated. Induction of SLC6A12 and AKR1B1 was

confirmed at the protein level using immunofluorescence and Western blotting. Gene

silencing by specific siRNAs revealed that these factors were vital for muscle cells

under hyperosmotic conditions. Pro-inflammatory cytokines activated mitogen-activated

protein kinases, nuclear factor κB as well as nuclear factor of activated T-cells 5 mRNA

expression. In muscle biopsies from patients with polymyositis or sporadic inclusion body

myositis, osmolyte pathway activation was observed in regenerating muscle fibers. In

addition, the osmolyte carriers SLC5A3 and SLC6A12 localized to subsets of immune

cells, most notably to the endomysial macrophages and T-cells. Collectively, this study

unveiled that muscle cells respond to osmotic and inflammatory stress by osmolyte

pathway activation, likely orchestrating general protection of the tissue. Moreover,

pro-inflammatory properties are attributed to SLC5A3 and SLC6A12 in auto-aggressive

macrophages and T-cells in inflamed skeletal muscle.

Keywords: inflammatory myopathy, osmotic stress, inflammatory stress, osmolytes, muscle regeneration

INTRODUCTION

The idiopathic inflammatory myopathies represent a diverse group of autoimmune muscle
diseases. The main disease entities recognized today are dermatomyositis (DM), polymyositis
(PM), sporadic inclusion body myositis (IBM), immune-mediated necrotizing myopathy (IMNM),
anti-synthetase syndrome, and unspecific myositis, each of which possess distinct clinical and
myopathological characteristics (1–5). DM patients develop complement-mediated blood vessel
destruction, perimysial inflammation and perifascicular muscle fiber atrophy (6). PM and IBM
are characterized by invasion of nonnecrotic muscle fibers by auto-aggressive cytotoxic T-cells
and macrophages, with inflammation building up mostly at endomysial sites (7). In IBM muscle
fibers, additional degenerative phenomena occur, with rimmed vacuoles and inclusions that contain
aggregates of ectopic proteins (8), a process that is presumed to follow inflammation (9). IMNM
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represents 3 subdivisions according to serologic characteristics:
anti-3-hydroxy-3-methylglutaryl-coenzyme A reductase
myopathy, signal recognition particle myopathy, and myositis-
specific autoantibody negative IMNM (10). Many of the
immunopathogenic mechanisms underlying the inflammatory
myopathies remain poorly understood, hampering the
development of successful therapies that suit the different
patient subtypes.

Muscle is a highly adaptive and dynamic tissue capable of
increasing its mass in response to exercise and of restoring
damage caused by injury via processes that require hypertrophy
and regeneration, respectively. In addition, cells possess a
universal ability to adapt to changing osmotic conditions, a
feature essential for their survival, allowing active anticipation
toward perturbations in volume and disrupted cellular
homeostasis. A complex intracellular mixture of interacting
osmolytes regulates osmotic pressure, which takes shape through
the synthesis and/or import of osmo-active compounds in
cells (11). The solute carrier family (SLC) contains several salt-
dependent membrane transport proteins involved in the selective
import of extracellular constituents: (i) the sodium-myoinositol
cotransporter SLC5A3, (ii) the high-affinity taurine transporter
SLC6A6, and (iii) the betaine and γ-amino-n-butyric acid
(GABA) transporter SLC6A12. AKR1B1 is an aldose reductase
that catalyzes the intracellular conversion of glucose to sorbitol.
In a joint effort, these osmoprotective constituents represent
a universal tool for mammalian cells, and their accumulators
can be ubiquitously expressed throughout human tissues. The
central regulator of osmolyte pathway gene expression is the
transcription factor nuclear factor of activated T-cells 5 (NFAT5),
also termed tonicity enhancer-binding protein (12).

Several observations allowed us to speculate NFAT5-inducible
pathways might be involved in the inflammatory myopathies.
Firstly, the NFAT5 pathway participates in muscle development
and regeneration, by regulating the differentiation of immature
myoblasts to mature multinucleated myotubes (13). NFAT5
levels have been shown to increase in the regenerating fibers
of mice exposed to experimental muscle tissue injury (14),
attributing the transcription factor a role in countering disease-
inflicted muscle tissue damage. Secondly, the NFAT5 pathway
has been firmly linked to nuclear factor κB (NFκB) activity
(15), the latter a key regulator of inflammatory diseases in
general and the inflammatory myopathies in particular (16).
NFAT5 and NFκB share multiple molecular targets (17), many of
which are involved in the immunopathogeneses of inflammatory
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developmental myosin heavy chain; ERK, extracellular signal-regulated kinase;

GAPDH, glyceraldehyde-3-phosphate dehydrogenase; GSK-3α/β, glycogen
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myopathy including CCL2, also termed monocyte chemo-
attractant protein-1 (MCP-1) (18), lymphotoxin β (LTβ) (19),
tumor necrosis factor α (TNFα) (20), inducible nitric oxide
synthase (iNOS) (21), and heat shock protein family of 70kd
(HSP70) (22). Thirdly, NFAT5-downstream osmolyte pathways
are potent activators of cytotoxic activities of immune cells and
could therefore be implicated in human autoimmune disease.
In addition, dietary salt is determinant to T-cell differentiation,
by direct activation of glycogen synthase kinase 1 (GSK-1) and
subsequent Interleukin 23 receptor stabilization, which enforces
the type 17 helper T-cell (Th17), a T-cell phenotype associated
with autoimmune disease (23).

We recently were the first to describe upregulation of the
osmolyte accumulators SLC5A3, SLC6A6 and AKR1B1 in
muscle tissues from myositis patients (24), and described
NFAT5 expression in myoblasts in culture (25), yet the
precise role osmolyte pathways play in disease mechanisms
remained unexplored. With this study, we aim to substantiate
and functionally connect these biomarkers with muscle
inflammation.We set up in vitromuscle cell models to investigate
osmolyte pathway member expression, using both the human
rhabdomyosarcoma CCL-136 cell line and normal primary
human myotubes. In addition, we investigated their possible
signaling routes, which involves the upstream transcription
factors NFκB and NFAT5, and the mitogen-activated protein
kinases (MAPKs). We confronted this in vitro evidence with
findings in muscle biopsies from patients diagnosed with
inflammatory myopathies.

METHODS

Cell Cultures
Human rhabdomyosarcoma CCL-136 cells (ATCC, Manassas,
VA) were kept in Dulbecco’s modified Eagle medium (DMEM)
supplemented with 10% fetal calf serum (Biochrom, Berlin,
Germany) and 1% L-glutamine (ThermoFisher Scientific,
Waltham, MA). Human muscle cell cultures originated from
muscle biopsies taken from healthy patients needing knee
surgery, obtained with patient consent and approved by the
local ethics committee. Biopsies were minced and trypsinized.
Fragments were seeded in DMEM with pyruvate, high glucose
and L-glutamine, supplemented with penicillin, streptomycin
and 10% fetal calf serum (ThermoFisher Scientific). Cells
were cultured for 2 periods of ∼ 3 weeks during which
CD56+ cells were purified twice with magnetic separation
MiniMACS columns using the supplier’s standard protocol
(Miltenyi Biotec, Bergisch Gladbach, Germany). Myotubes were
obtained by allowing cells to differentiate for approximately
5 days in DMEM medium supplemented with penicillin,
streptomycin and 2% horse serum (ThermoFisher Scientific).
Supplementary Figure S1 illustrates a representative culture of
differentiated myotubes, showing aligned multinucleate muscle
cells. All cells were kept in culture wells or chamber slides at
37◦C in a humified atmosphere containing 5% CO2. Conditions
for cytokine stimulation were as determined earlier (26),
being 30 ng/ml TNFα, 300 u/ml Interferon γ (IFNγ), 20 ng/ml
Interleukin 1β (IL1β) (R and D Systems, Minneapolis, MN), or
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double combinations. Hyperosmotic conditions were created by
supplementing the culture medium with 25–150mM of added
NaCl. Higher concentrations of NaCl lead to complete cell death
within 24 h.

Quantitative Reverse Transcription PCR
RNA was prepared from cells cultured in 12-well culture
plates, using the RNeasy Mini kit and according to the
manufacturer’s specifications (Qiagen, Hilden, Germany).
RNA concentration was measured with a Nanodrop 1000
(ThermoFisher Scientific). cDNA was prepared from 200 ng
of RNA with SuperScript II reverse transcriptase, 500 ng/µl
oligo dTs, 0.1M DTT, and 10mM dNTPs each (Invitrogen,
Darmstadt, Germany). cDNA was quantified through PCR
reaction with Taqman Gene Expression Master mix (Applied
Biosystems, Foster City, CA), using 6-carboxy-fluorescein-
labeled probes and specific primers for: SLC5A3, Hs00272857
_s1; SLC6A6, Hs00161778_m1; SLC6A12, HS00758246_
m1; AKR1B1, Hs00739326_m1; NFAT5, Hs00232437_m1;
MAPK14, Hs01051152_m1; RELA, Hs00153294_m1; NFKB1,
Hs00765730_m1; NFKB2, Hs01028901_g1; glyceraldehyde-3-
phosphate dehydrogenase (GAPDH), Hs99999905_m1 (Applied
Biosystems). Reactions were run in triplicate, following the
standard cycle protocol on a 7500 Real Time PCR System, and
analyzed with software version 2.0.6. (Applied Biosystems).
Data was presented as 11Ct fold-changes compared to the
expression levels in untreated cells, with GAPDH as an internal
housekeeping gene standard.

Immunofluorescent Cytostaining
Cells cultured on glass chamber slides were fixed with ice-
cold acetone and blocked in phosphate buffered saline with
10% bovine serum albumin and 10% goat serum for 1 h
at room temperature. Immunofluorescent detection was
carried out for 1 h at room temperature with commercially
available antibodies: mouse (4µg/ml, sc-514024, SantaCruz
Biotechnology, Santa Cruz, CA) and rabbit (10µg/ml,
nbp188641, Novus Biologicals, Abingdon, UK) anti-SLC6A12;
rabbit (2µg/ml, sc-33219, SantaCruz Biotechnology) and
goat (1µg/ml, sc-17732, SantaCruz Biotechnology) anti-
AKR1B1; mouse anti-developmental myosin heavy chain
(dMyHC) (40µg/ml, RMMy2/9D2, Leica Biosystems, Nussloch,
Germany). The corresponding Alexa594—and Alexa488-labeled
secondary antibodies (ThermoFisher Scientific) were added.
After mounting in Fluoromount G (Southern Biotech, Alabama,
USA), digital photography was performed on a Zeiss Axiophot
microscope (Zeiss, Goettingen, Germany). Pictures were taken
by a cooled CCD digital camera (Retiga 1300, Qimaging,
Burnaby, BC, Canada) and visualized with ImageProPlus
software (MediaCybernetics, Bethesda, MD).

Immunofluorescent Histostaining
For localization studies in muscle tissues, 8µm cryostat
sections were cut from frozen muscle biopsies obtained from
patients without muscle abnormalities (n = 10), inflammatory
myopathies (n = 28), and disease controls diagnosed with
muscular dystrophy (n = 8; for pathological information

consult Supplementary Table S1). Diagnosis of the disease
subgroups PM (n = 4), IBM (n = 9), DM (n = 9), and
IMNM (n = 6) were based upon clinical and myopathological
criteria (27). Diagnosis of PM was reserved to patients with
nonnecrotic invaded muscle fibers present in the biopsy that
had subsequently responded to immunosuppressive therapy.
Sections were fixed in ice-cold acetone and treated with blocking
solution containing 5% donkey serum, 10% heat-inactivated
human serum and 2% bovine serum albumine in phosphate
buffered saline. Incubations with primary antibodies were carried
out in the same solution: 4µg/ml rabbit polyclonal anti-
SLC5A3 (NBP1-02399, Novusbio); 4µg/ml mouse monoclonal
anti-SLC6A6 (E10, SantaCruz Biotechnology); 6µg/ml rabbit
polyclonal anti-SLC6A12 (HPA034973; Merck, Kenilworth,
NJ); 1µg/ml goat polyclonal anti-AKR1B1 (N20, SantaCruz
Biotechnology). Immune cell subtypes and muscle tissue
constituents were visualized through double staining as described
(18). Satellite cells were visualized with goat anti-Pax3/7
(1µg/ml, sc-7748, SantaCruz Biotechnology). To allow double
staining of macrophages with mouse monoclonal antibodies,
FITC labeled anti-CD68 (Agilent, Santa Clara, CA) was
applied. Secondary antibodies were used labeled with CY3
(Jackson ImmunoResearch Laboratories, West Grove, PA) and
AlexaFluor488 (ThermoFisher Scientific). Slides were mounted
with Fluoromount (Southern Biotech) and visualized with a
fluorescence microscope (Zeiss). Conventional semi-quantitative
scoring of staining intensity was performed by three non-blinded
independent observers. Negative control studies consisted
of the omission of primary antibody and the substitution
by non-immune IgGs. Positive control tissues for checking
immunodetection were cultured Hela cells (SLC6A6), frozen
sections containing kidney medulla (SLC5A3, SLC6A12), and
Jurkat cells (AKR1B1).

Western Blotting
Cells cultured in 12-well culture plates were lysed in Ripa
buffer (50mM Tris-HCl, 150mM NaCl, 2.5% Na-deoxycholate,
2.5% NP40, 0.1% sodium dodecyl sulfate pH 7.4) with a
protease inhibitor cocktail added (Roche, Indianapolis, IN)
and centrifuged for 5min at 13000 rpm. The supernatant
was collected and protein concentrations were determined
following a Bradford procedure (Bio-Rad protein assay,
Hercules, CA) with bovine serum albumine standard solutions,
measured in triplicates on the Infinite M200Pro and analyzed
with Magellan 7.2 software (Tecan, Mannedorf, Switzerland).
60 µg protein samples were dissolved in Laemli buffer,
boiled for 2min, separated by 12% sodium dodecyl sulfate-
polyacrylamide gelelectrophoresis, and transferred to a
nitrocellulose membrane (Schleicher and Schuell, Dassel,
Germany). Membranes were blocked with 5% bovine serum
albumine for 1 h at 4◦C and incubated overnight at 4◦C
with 2µg/ml mouse anti-SLC6A12 (sc-514024, SantaCruz
Biotechnology), 4 h at room temperature with 2µg/ml goat
anti-AKR1B1 (sc-17732, SantaCruz Biotechnology), and 1 h
at room temperature with 0.7µg/ml mouse anti-GAPDH
(Sp210-Ag14; Abcam, Cambridge, UK). All incubations were
done in tris-buffered saline buffer containing 0.05% Tween20.
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Appropriate horseradish peroxidase-conjugated secondary
antibodies (Jackson ImmunoResearch, West Grove, PA) were
added for 1 h at room temperature. The chemiluminescent
signal was generated with the Pierce Western blotting substrate
(ThermoFisher Scientific), visualized with the Fusion FX,
and quantified with Vision Capt software, with background
noise filtering using a rolling-ball algorithm (Vilber Lourmat,
Eberhardzell, Germany).

Protein Phosphorylation Profiling
Protein phosphorylation patterns were determined in extracts
obtained from cultured myotubes, using the Proteome Profiler
human phosphor-mitogen activated protein kinase (MAPK)
antibody array according to the manufacturer’s specifications
(Bio-Techne, Abingdon, United Kingdom). Briefly, array
membranes were incubated overnight at 4◦C with lysate
containing 200 µg of cellular protein, detection conditions
were as described in the western blotting section. Protein
densities were quantified, relative to phosphorylated Akt2, as
the calculated mean of duplicate spots per protein, using Image
Studio 5.2 software (Li-Cor Biosciences, Cambridge, UK).

Knockdown Studies
Pools of three target-specific 19–25 nucleotide silencing RNAs
(siRNAs), purchased from SantaCruz Biotechnology, were used:
siRNA SLS5A3 (sc-44516), siRNA SLC6A12 (sc-95904), and
siRNA AKR1B1 (sc-37119). 50% confluent CCL-136 cells and
myotube cultures were changed to 500 µl X-Vivo15 medium
(Sartorius, Goettingen, Germany), to which 3 µl of lipofectamine
(ThermoFisher) and 100 nM siRNA had been added. After 5 h,
an extra 200 µl of X-Vivo15 was added, which in treated cells
contained cytokines to a final well concentration of 20 ng/ml
IL1β+300 u/ml IFNγ, or 50mM added NaCl. Cells were
assayed 26 h after addition of the siRNAs. Live and dead cells
were visualized using the ReadyProbes cell viability imaging
blue/green kit (ThermoFisher) according to the manufacturer’s
specifications. Using a fluorescence microscope, a minimum
of 50 cells (blue) was counted per condition, determining the
amount of dead cells (green). Afterwards, cell cultures were
stained with hematoxylin and eosin according to standard
procedures, dehydrated, mounted, and interpreted under a light
microscope. Efficiency of knockdownwas evaluated at themRNA
level using quantitative reverse transcription PCR, following the
method described above. From controls and siRNA-treated CCL-
136 cells seeded in 12-well culture plates, protein samples were
prepared for electrophoresis by adding lithium dodecyl sulfate
sample buffer and reducing agent (Invitrogen, Carlsbad, CA,
USA) and boiling for 3min. Samples were loaded onto 10% bis-
tris gels, with prestained markers alongside to determine the
molecular weight of protein bands. Proteins were transferred
to nitrocellulose membranes by electroblotting, and incubated
with 2µg/ml mouse anti-SLC6A12 (sc-514024), 2µg/ml goat
anti-AKR1B1 (sc-17732), or mouse anti-β actin (sc-47778)
(SantaCruz Biotechnology) for 4 h at room temperature on a
rocking platform. Immunoreaction was visualized using the
chromogenic Western Breeze kit according to the manufacturer’s
specifications (Invitrogen).

Compliance With Ethical Standards
Human experimentation presented in the study was approved
by the Ghent University Hospital Ethics Committee (EC-UZG-
#B670201316956) and adhered to privacy regulations (CBPL-
BEL-#HM003039095). Written informed consent was obtained
from all individual participants included in the study, and all
procedrues were in accordance with the Declaration of Helsinki.

RESULTS

mRNA Quantification in Cultured Muscle
Cells
In CCL-136 cells, expression levels of osmolyte pathway
members were determined in cells treated with pro-inflammatory
cytokines or added NaCl for 24 h (Table 1). In general, a
moderate increase of expression was shown for SLC5A3,
SLC6A6, SLC6A12, and AKR1B1 when cells were treated
with cytokines. The strongest response was a 10-fold increase
of SLC5A3 mRNA expression in IL1β+TNFα-treated cells.
Hyperosmotic conditions also induced osmolyte pathway
expression, with 100mM of added NaCl leading to a 179-fold
increase of SLC6A12, and increasing NFAT5 expression 2.5-fold.
MAPK14 levels were 2-fold increased in both IFNγ+TNFα–
and 50mM NaCl-treated cells. Highest levels of RelA, NFkB1
and NFkB2 could be achieved with pro-inflammatory cytokine
mixtures, though NFkB1 and NFkB2 expression also responded
to added NaCl.

Primary human myotubes treated for 24 h with cytokines or
added NaCl showed induction of osmolyte pathwaymRNA levels
(Table 2). For SLC5A3 and AKR1B1, the strongest induction
could be achieved with added NaCl; SLC6A6 and SLC6A12
were most strongly induced by pro-inflammatory cytokine
mixtures. NFAT5 expression was influenced by both cytokines
and increased salt concentrations, but reached higher expression
levels with IFNγ+IL1β (4,5-fold) than with 125mM NaCl (3-
fold). MAPK14 expression levels were found increased 2-fold
in myotubes treated with IL1β and with 125mM NaCl. The
expression of NFκB subunits was most strongly induced by
treatment with pro-inflammatory cytokines. Nonetheless, 25mM
added NaCl increased NFkB1 expression 8,5-fold. In myotubes
treated for longer periods, added NaCl lead to continuously
increasing SLC5A3, SLC6A12 and AKR1B1 expression levels
over time, culminating in levels all exceeding 200-fold at time
point 72 h (Table 3). In addition, prolonged salt treatment lead
to a time-dependent increase of NFAT5 andMAPK14 expression
levels, reaching a maximum of 9-fold (NFAT5) and 18-fold
(MAPK14). In contrast, the single pulse of pro-inflammatory
cytokines resulted in highest expression levels after 24 h, with
levels nearing normal after 72 h.

Immunofluorescent Protein Localization
Studies in Cultured Muscle Cells
Immunofluorescent staining of CCL-136 cells (Figure 1A)
confirmed the induction of SLC6A12 and AKR1B1 expression
after 24 h of treatment with pro-inflammatory cytokines and
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TABLE 1 | Messenger RNA levels in cultured CCL-136 cells treated for 24 h.

Cytokines Added NaCl

IFNγ IL1β TNFα IFNγ+IL1β IFNγ+TNFα IL1β+TNFα 25 mM 50 mM 75 mM 100 mM

SLC5A3 1 1.1 1.3 2.1 4.6 10.3 0.6 0.5 1.9 3.4

SLC6A6 0.5 0.7 0.8 1.4 1.5 4.3 0.9 1.1 1.2 1.5

SLC6A12 1.7 2 1 3.4 3.8 1.2 1.6 7.7 9 178.7

AKR1B1 1.4 2.3 1.9 1.9 1.6 1.7 1.4 2.1 2.4 5.6

NFAT5 1.1 0.3 0.5 1.4 1.7 1 1.4 4.1 0.8 2.5

MAPK14 0.7 0.8 0.8 1.4 1.9 1.4 1.1 2 0.9 1.3

RELA 0.9 1.2 0.9 1.8 1.7 0.5 0.9 0.8 0.9 1.2

NFkB1 1 1.2 1 6 0.5 3.8 1.5 2.9 1.2 1.9

NFkB2 1.3 1.5 2.7 3.3 12.9 1 1.2 2.3 1.5 1.1

Fold changes compared to untreated cells, normalized to glyceraldehyde 3-phosphate dehydrogenase expression levels, were obtained through quantitative reverse transcription PCR

and calculated as 2−11Ct (mean of three given). Fold changes >2 green; >5 yellow; >10 orange; >100 red.

TABLE 2 | Messenger RNA levels in cultured normal human myotubes treated for 24 h.

Cytokines Added NaCl

IFNγ IL1β TNFα IFNγ+IL1β IFNγ+TNFα IL1β+TNFα 25 mM 50 mM 75 mM 100 mM 125 mM 150 mM

SLC5A3 2.6 5.8 2.5 2.4 1.4 1.9 1.4 2.1 3.6 13 13.9 5

SLC6A6 1.2 1.9 2.9 3.9 2.2 3.1 1.1 1.9 1.8 1.9 1.8 0.4

SLC6A12 21.3 2.1 1.4 177.7 229.2 3.8 2.1 5.9 7.3 32.4 47.9 9.6

AKR1B1 1.5 6.6 3.7 7.5 5.6 4.9 10.7 3.5 4.7 6.9 8.1 2.5

NFAT5 1.4 4.4 1.6 4.5 2.2 2 0.8 1.6 1.3 2.2 3 0.6

MAPK14 1 1.9 1.1 0.6 0.4 0.9 1.4 1.3 1 1.6 1.9 0.6

RELA 2.1 2 1.4 25.3 18.4 4.2 0.8 1.1 1.2 1.1 1.2 0.5

NFkB1 1.5 1.3 0.8 6.8 3.6 2.6 8.7 0.7 0.7 0.6 1.3 0.7

NFkB2 1.2 4.7 2.7 20.5 4 8.4 0.1 1.3 1.2 0.8 1 0.3

Fold changes compared to untreated cells, normalized to glyceraldehyde 3-phosphate dehydrogenase expression levels, were obtained through quantitative reverse transcription PCR

and calculated as 2−11Ct (mean of three given). Fold changes >2 green; >5 yellow; >10 orange; >100 red.

added NaCl at the protein level and showed similar staining
patterns with the two different sets of primary antibodies.

Myotubes immunostaining (Figure 1B) showed increases of
SLC6A12 in response to cytokines at the 48 h time point, with
levels declining again at time point 72 h. For AKR1B1, high
levels were detected following cytokine stimulation from 24 h
onward, compared to the low levels observed in untreated
myotubes. A growth-inhibitory effect of hyperosmotic conditions
was observed in myotubes, which became conspicuous from the
48 h time point on. NaCl-treatment disfavored differentiation
into multinucleate elongated muscle cells, as was assayed
with dMyHC staining (Supplementary Figure S1). Evaluation of
hematoxylin&eosin stains confirmed that salt treatment affected
cell morphology and growth, reducing cell elongation and
disfavoring multinucleate myotubes.

Protein Quantification and Phosphorylation
Patterns of Human Myotubes
SLC6A12 protein levels were below the detection limit in
untreated normal myotubes, but SLC6A12 protein could readily
be shown inmyotubes treated with IL1β+TNFα for 48 h and 72 h
(Figure 2A). SLC6A12 and AKR1B1 protein levels were found to

increase in a time- and dose-dependent manner when myotubes
were exposed to 25 and 50mM of added NaCl (Figure 2B). The
expression levels with the higher doses of NaCl already reached a
maximum at the 48 h time-point (Table 4).

Protein phosphorylation patterns of MAPKs showed that the
strongest signals in the array were the phosphorylated forms
of Akt2 (S474) and heat shock protein 27 (HSP27) (S78, S82)
(Supplementary Figure S2). Akt2 and HSP27 activation was
prominent in untreated and cytokine-treated myotubes alike.
The most notable influence of 24 h IFNγ+IL1β treatment was
an increase in phosphorylation of mitogen- and stress-activated
kinase 2 (MSK2) (S360) 3-fold and MAPK3 (T202, Y204) 2.5-
fold. In addition, levels of phosphorylated glycogen synthase
kinase 3α/β (GSK-3α/β) (S9, S21), MAPK12 (T183, Y185), and
MAPK13 (T180, Y182) were increased 2-fold.

Knockdown Studies in Cultured Muscle
Cells
Both in CCL-136 cells and in primary healthy myotubes, 50mM
of added NaCl decreased cell densities in both siSCL6A12—
and siAKR1B1-treated cells at the 24 h time point, while this
regimen did not harm growth of siSLC5A3-treated muscle
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TABLE 3 | Messenger RNA levels in cultured normal human myotubes treated with cytokines or added NaCl for up to 3 days.

IFNγ+IL1β IFNγ+TNFα 100mM NaCl

24 h 48 h 72 h 24 h 48 h 72 h 24 h 48 h 72 h

SLC5A3 1 0.4 0.2 1 0.6 0.5 10.8 5.8 240.7

SLC6A12 19.1 4.9 1 14.5 13 2.5 43 50.9 2 × 10exp8

AKR1B1 2.4 1.3 0.9 1.7 1.9 1.1 7 27.4 528.8

NFAT5 0.8 0.3 0.04 0.8 0.9 0.3 1.4 3.8 9.4

MAPK14 0.9 0.4 0.3 0.6 0.6 0.6 1.1 1.6 17.8

Fold changes compared to untreated cells, normalized to glyceraldehyde 3-phosphate dehydrogenase expression levels, were obtained through quantitative reverse transcription PCR

and calculated as 2−11Ct (mean of three given). Fold changes >2 green; >5 yellow; >10 orange; >100 red.

FIGURE 1 | Immunofluorescent cytostaining. (A) Staining with mouse anti-SLC6A12 (AlexaFluor 594, red) and rabbit anti-AKR1B1 (AlexaFluor488, green) in CCL-136

cells after 24 h treatment. Untreated control cells shows low levels of SLC6A12 and AKR1B1. Treatment with 30 ng/ml TNFα markedly increases AKR1B1 levels.

Treatment with 300 u/ml IFNγ and 30 ng/ml TNFα strongly increases both SLC6A12 levels and AKR1B1 protein levels. Addition of 100mM NaCl to the medium also

increases both SLC6A12 and AKR1B1 protein expression. (B) Staining with rabbit anti-SLC6A12 (AlexaFluor 488, green) and goat anti-AKR1B1 (AlexaFluor594, red)

in cultured healthy human myotubes at different time points. Myotubes treated with 300 u/ml IFNγ and 30 ng/ml TNFα display low levels of SLC6A12 that is increased

at the 48 h time point. Levels return back to constitutive low levels after 72 h, with staining levels similar to those in untreated cells. Staining for AKR1B1 shows

continuously high levels between 24 and 72 h. In untreated cells, AKR1B1 expression levels are substantially lower. Scale bar = 50 µm.

cells (Figure 3A). Treatment with pro-inflammatory cytokines
on the other hand, combined with knockdown of individual
osmolyte pathway members, did not cause significant effects on
myotube viability, with percentages of dead cells in untreated
vs. cytokine-treated cells respectively: 1% vs. 7% (vehicle), 11%
vs. 25% (siSLC6A12), 33% vs. 15% (siAKR1B1), and 0% vs. 4%

(siSLC5A3). For silencing procedures, efficiency of knockdown
was evaluated in CCL-136 cells (calculated as 1Ct siRNA-
treated cells minus 1Ct of the vehicle control) detecting 16%
(siSLC5A3), 59% (siSLC6A12), and 6% (siAKR1B1) of residual
mRNA expression. Western blotting corroborated efficient
AKR1B1 knockdown at the protein level but did not show a
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FIGURE 2 | Western blotting of protein extracts preepared from cultured normal human myotubes. (A) SLC6A12 and AKR1B1 protein levels in myotubes treated with

cytokine mixtures. SLC6A12 and AKR1B1 proteins are visualized in control cells (C) and in cells treated for 24 h-48 h-72 h with either 300 u/ml IFNγ+30 ng/ml TNFα,

or 20 ng/ml IL1β+30 ng/ml TNFα. SLC6A12 is undetectable in untreated- and in 300 u/ml IFNγ+30 ng/ml TNFα-treated cells, but is induced by treatment with

20 ng/ml IL1β+30 ng/ml TNFα from the 48 h time point on. Low constitutive levels of AKR1B1 in control cells are increased in myotubes treated with both cytokine

mixtures, peaking at the 48 h time point. Relative protein densities of AKR1B1, normalized using glyceraldehyde 3-phosphate dehydrogenase (GAPDH) levels as an

internal standard, have been indicated. (B) SLC6A12 and AKR1B1 protein levels in myotubes treated with added NaCl. Protein bands for SLC6A12 and AKR1B1, and

the internal standard glyceraldehyde 3-phosphate dehydrogenase (GAPDH), are given in an untreated control (C) and in cells treated with different concentrations of

added NaCl. A time-dependent increase is observed in cells treated with 25 and 50mM added NaCl, while more elevated NaCl concentrations show the highest

levels at the 48 h timepoint. The corresponding relative protein densities are listed in Table 4.

substantial reduction of SLC6A12 protein levels (Figure 3B). We
could not quantify SLC5A3 protein in muscle samples using
western blots, as we were unsuccessful in detecting SLC5A3 in the
corresponding positive control samples using rabbit (nbp102399,
NovusBiologicals) and goat (sc-23142, SantaCruz Biotechnology)
antibodies.

Immunolocalization Studies in Muscle
Tissues From Inflammatory Myopathy
Patients
Confirming our earlier descriptive myopathological results
on SLC5A3, SLC6A6, and AKR1B1 expression (24), we
found these factors upregulated in regenerating muscle fibers

present in biopsies in this new cohort of inflammatory
myopathy patients. We now also add SLC6A12 to the
regenerating muscle fiber’s repertory of increased osmolyte
accumulators (Figure 4). High osmolyte pathway member
expression contrasted with the low levels present in muscle
fibers in biopsies from healthy subjects. In tissues from
muscular dystrophy patients, the SLC6A12 muscle fiber
staining pattern was similar to inflammatory myopathies,
with diffuse staining mostly in small regenerating CD56
positive muscle fibers and discontinuous sarcolemmal
staining in subsets of CD56 negative muscle fibers
(Supplementary Figure S3). We verified that this did not
represent adjacent satellite cells and observed no co-localization
with Pax3/7 staining.
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TABLE 4 | Protein densities in cultured normal human myotubes treated with added NaCl for varying periods of time.

Untreated 25mM NaCl 50mM NaCl 75mM NaCl 100mM NaCl

24 h 48 h 72 h 24 h 48 h 72 h 24 h 48 h 72 h 24 h 48 h 72 h

SLC6A12 0.001 0.097 0.264 0.297 0.139 0.180 0.198 0.154 0.217 0.131 0.112 0.115 0.094

AKR1B1 0.192 0.202 0.210 0.347 0.336 0.377 0.437 0.281 0.436 0.347 0.209 0.278 0.263

Protein densities of western blots (shown in Figure 2) were normalized using glyceraldehyde 3-phosphate dehydrogenase levels. Highest protein expression levels per time point have

been highlighted.

FIGURE 3 | Knockdown studies. (A) Hematoxylin&Eosin staining of CCL-136 and healthy human myotube cultures treated with silencing RNAs. Representative

images are shown of cell cultures exposed to 300 u/ml IFNγ+20 ng/ml IL1β or to 50mM of added NaCl. Culture densities decrease substantially in siSLC6A12- and

siAKR1B1-treated cultures challenged with 50mM of added NaCl, both in CCL-136 cells and in normal human myotubes. Addition of siSLC5A3 does not apparently

inhibit cell growth, only resulting in mildly reduced densities of CCL-136 cells which could equally be observed in controls treated with 50mM NaCl.

Scale bar = 100µm. (B) Western blots visualizing SLC6A12 and AKR1B1 protein in CCL-136 cells treated with silencing RNAs. The severe reduction of the AKR1B1

protein band in siAKR1B1-treated cells (arrow) shows the efficiency of expression knockdown. C represents the control sample, and equal loading is shown by β-actin

protein bands.

SLC5A3 and SLC6A12 were expressed by inflammatory
cells in inflammatory myopathy muscle biopsies (Figure 4).
SLC6A12 was detected in subsets of the endomysial CD68+

cells surrounding muscle fibers in PM and IBM tissues. In
comparison, only a small minority of tissue-infiltrating CD68+
cells in DM and in muscular dystrophy tissues were SLC6A12
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FIGURE 4 | Immunofluorescent histostaining. Staining of SLC6A12 and AKR1B1 in muscle sections from patients diagnosed with inflammatory myopathy.

Polymyositis (PM): A subset of CD68+ cells (AlexaFluor488, green), representing mostly M1 phenotype macrophages, express SLC5A3 and SLC6A12 (CY3, red).

Dermatomyositis (DM): Two small regenerating muscle fibers (arrows), identified as strongly positive for CD56 (AlexaFluor488, green), express high levels of SLC6A12

protein (CY3, red). Scale bar =50 µm.

positive, and the more sparse inflammatory cells observed in
IMNM tissues were SLC6A12 negative. SLC6A12 was rarely
observed in the CD8+ T-cells of PM and IBM tissues. SLC5A3 on
the other hand, could be detected in a substantial part of CD3+
T-cells, with most non-invading CD8+ T-cells being negative
while CD8+ cells actively invading nonnecrotic muscle fibers
in PM and IBM were often strongly positive. The majority of
CD68+ cells, and part of the CD206+ cells were also SLC5A3
positive. In contrast, inflammatory cells were invariably AKR1B1
and SLC6A6 negative in all muscle tissues tested.

DISCUSSION

Our earlier studies had identified osmolyte pathway members
as biomarkers for inflammatory myopathies, yet the pathogenic
routes behind their elevated expression remained unknown. The

present study offers further context and allows us to speculate on
the underlying mechanisms.

Inflammatory Stress Induces Osmolyte
Pathways in Muscle Cells
We here report that, in addition to increased NaCl
concentrations, pro-inflammatory cytokines can induce
osmolyte pathways in muscle cells in an in vitro setting. In
response to osmotic stress, normal primary myotubes displayed a
continuous increase of SLC5A3, SLC6A12, and AKR1B1 mRNA
expression levels over time, while single cytokine pulse led to
highest mRNA levels after 24 h, steadily decreasing afterwards
and returning to near-normal levels at the 72 h time point.
Immunocytochemical staining and western blotting experiments
confirmed the transient induction pattern of SLC6A12 at the
protein level. We cannot rule out fast cytokine degradation
in the culture medium, yet this is unlikely as many have
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reported prolonged effects by single pulse cytokine treatments
over several days (28–30). Using silencing techniques, we
showed that compromising osmolyte accumulator expression
negatively influenced cell growth only when muscle cells faced
hyperosmotic conditions. We produced strongest evidence for
AKR1B1, for which the knockdown regimen severely reduced
AKR1B1 protein levels, yet did not compromise growth when
myoblasts and myotubes were challenged with pro-inflammatory
cytokines. Based upon this data, we speculate on different
levels of importance of the osmolyte pathway dependent upon
the challenges muscle cells face: osmolytes being essential
protectors against osmotic stress while having a less vital yet
regulatory role in the response to inflammatory stress. Our
observations would need to be confirmed and analyzed further
with knockdown combinations, as an important additional
facet is the degree of redundancy of function displayed by the
different osmolyte pathway members. In evidence, only SLC5A3
deficiency represents a lethal murine phenotype (31), with
knockout of AKR1B1, SLC6A6, and SLC6A12 resulting in viable
mice suffering from limited defects in renal function (32–34).
The compensatory role of remaining osmolytes when activity
of single pathway members is compromised, has long been
confirmed in kidney cells (35).

Transcription factors NFκB and NFAT5 represent key
regulators of cell’s responses to inflammatory stress on the one
hand and osmotic stress on the other hand. Not surprisingly
therefore, pro-inflammatory cytokines were the most potent
inducers of RelA, NFkB1, NFkB2 expression in muscle cells.
However, we did observe some effects of NaCl-treatment on
NFκB expression levels and, vice versa, NFAT5 expression
responded to pro-inflammatory cytokines. Thus, muscle cells’
responses to inflammatory and osmotic stress appear not
separately regulated via NFκB and NFAT5, respectively.

The MAP kinases, a large family of Ser/Thr kinases that
translate cell surface signals to the nucleus, play a crucial role
in inflammation (36), which led us to study their involvement
in muscle cells’ responses to pro-inflammatory cytokines. We
found Akt2 and HSP27 were most heavily phosphorylated
in myotube cultures, but their activation was unaltered in
response to inflammatory cytokines. Akt signaling influences
muscle development and regeneration, affecting either initiation
(Akt1) or maturation (Akt2) of myotubes (37). HSP27 is also
associated with myotube differentiation and was found absent
from myoblasts (38). The strong activation of Akt2 and HSP27
we observed in our in vitromodel fits with the differentiated stage
of the myotubes we studied in our experiments. The MAPKs of
the p38 subgroup have been put forward as complex regulators
of osmolyte pathways, through their hypertonicity-induced
phosphorylation, and have been implicated in inflammatory
disease (39). Our study found MAPK14 mRNA expression
increased up to 2-fold by pro-inflammatory cytokines, and we
observe increased phosphorylation of MAPK12 and MAPK13
in human primary myotubes treated for 24 h with IL1β+IFNγ.
Of the extracellular signal-regulated kinases (ERK) on the other
hand, we observed increased phosphorylation ofMAPK3 (ERK1)
in IL-1β+IFN-γ-treated myotubes. This is in line with our recent
study that showed cytokines induce ERK1/2 phosphorylation,

which subsequently leads to protein deposition and autophagy
in muscle cell cultures (40). We propose that the 24 h response
of muscle cells to pro-inflammatory cytokines may thus be
regulated primarily via such phosphorylation-driven activation
of residential MAPKs. Muscle cells exposed to osmotic stress
for prolonged periods appear to require extra measures for
their protection, culminating in 18-fold (MAPK14) and 9-fold
(NFAT5) increases in expression levels.

Osmolyte Pathways Are Activated in
Regenerating Muscle Cells
Osmolytes are known regulators of skeletal muscle development,
with the involvement of taurine and betaine already described
in most detail. Taurine is essential for skeletal muscle buildup,
and knockout mice lacking its transporter SLC6A6 display
severe structural defects (41) and exercise intolerance (42).
The trimethylglycine betaine appears also important for proper
muscle functioning, although SLC6A12 knockout mice have
been reported to develop only mild myopathy (34). Betaine
promotes muscle fiber differentiation and myotube size (43) via
stimulation of the mechanistic target of rapamycin pathway (44)
and disturbed osmolyte balances have been implicated in muscle
disease. Taurine levels were significantly reduced in muscle from
myositis patients compared to healthy controls (45), while in
urine on the other hand both taurine and betaine levels were
increased in patients (46). In the murine Duchenne muscular
dystrophy model, taurine content of muscle was low, mostly
early in disease progression, and a reduction of its transporter
SLC6A6 was observed (47). Yet, in the canine golden retriever
muscular dystrophy model, muscle levels of taurine and SLC6A6
were 1.5- and 20-fold increased (48) compared to healthy
dogs, pointing to possible differences between species and/or
at different disease stages. Our localization studies revealed
strong increases of osmolyte accumulators in small regenerating
fibers. Possibly, protein replacement and refolding during the
regeneration process are chaperoned by osmolytes, the latter
aiding protection of functional protein conformations (49).

Subsets of Muscle-Infiltrating
Inflammatory Cells Express SLC5A3 and
SLC6A12
In addition to the muscle cells’ general and dynamic repertory
of osmolyte accumulators, we found two osmolyte pathway
members, SLC5A3 and SLC6A12, selectively expressed in
subsets of macrophages and T-cells infiltrating skeletal muscle.
Interestingly, we observed an association with active invasion
of nonnecrotic muscle fibers, a phenomenon typically observed
in PM and IBM muscle tissues (50), which fits with current
notions of how osmolytes behave as potent cytotoxic regulators.
Cytotoxic macrophages have been shown to accumulate betaine,
myoinositol and taurine as compatible organic osmolytes in
response to osmotic stress, via MAPK-regulated upregulation
of osmolyte transporters (51, 52). It is well known that
macrophages have versatile functionalities, with a spectrum
stretching out between the classical inflammatory M1 phenotype,
to the alternative anti-inflammatory, tissue repair-oriented
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M2 phenotype (53). Significantly higher levels of AKR1B1
mRNA and protein have been reported in M1 macrophages
compared with M2-polarized macrophages (54). The upstream
transcription factor NFAT5 is enhanced by the M1-promoting
pro-inflammatory and hypoxic conditions associated with
autoimmune diseases, which is particularly suggested to regulate
the chemokine MCP-1 and subsequent synovial macrophage
survival in rheumatoid arthritis (55). We found a subset of
CD68+ cells, regarded as representing mostly M1 macrophages,
to express SLC5A3 and SLC6A12, most prominently in PM
and IBM tissues. In addition to macrophages, T-cells have
also been shown to engage NFAT5-regulated pathways in their
development and activation (56) and, in accordance, we found
SLC5A3 and SLC6A12 expression in a minority of T-cells. In
helper T-cells (Th-cells), salt-induced NFAT5 activity promotes
their differentiation into Interleukin 17-producing Th-cells
(Th17-cells) (57). This is relevant to inflammatory myopathy, as
IL-17 induces and maintains chronic inflammation, and Th17-
cells represent a pathogenic subset of T-cells associated with
inflammatory myopathy (58).

CONCLUSIONS

The expression of osmolyte pathway members extends to human
tissues that normally are not exposed to hypertonicity, which has
led to the assumption that these factors have additional more
versatile functions. In this respect, they have been put forward
as biomarkers for inflammation (59) and tumor metastasis (60).
The data we presented here points to a general role for osmolyte
accumulation, via AKR1B1, SLC5A3, SLC6A6, and SLC6A12
upregulation, in muscle cells challenged by inflammatory stress,
presumably in an attempt to stabilize protein function in sight
of the changed proteome during regeneration. In addition, our
data suggest an individual inflammatory role for SLC5A3 and
SLC6A12 as potential regulators of the myocytotoxicity displayed

by muscle tissue-infiltrating auto-aggressive immune cells. The
data we offer further adds to the complexity of inflammatory
myopathy immunopathogeneses, broadening our understanding
of this heterogeneous group of diseases.
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Objective: Fingolimod is approved for the treatment of highly active relapsing

remitting multiple sclerosis (MS) patients and acts by its unique mechanism of action

via sphingosine-1-phosphate receptor-modulation. Although fingolimod-associated

lymphopenia is a well-known phenomenon, the exact cause for the intra- and

inter-individual differences of the fluctuation of lymphocyte count and its subtypes is still

subject of debate. In this analysis, we aim to estimate the significance of the individual

variation of distinct lymphocyte subsets for differences in absolute lymphocyte decrease

in fingolimod treated patients and discuss how different lymphocyte subset patterns are

related to clinical presentation in a long-term real life setting.

Methods/Design: One hundred and thirteen patients with MS were characterized

by complete blood cell count and immune cell phentopying of peripheral lymphocyte

subsets before, at month 1 and every 3 months up to 36 months of fingolimod treatment.

In addition, patients were monitored regarding clinical parameters (relapses, disability,

MRI).

Results: There was no significant association of baseline lymphocyte count and

lymphocyte subtypes with lymphocyte decrease after fingolimod start. The initial drop

of the absolute lymphocyte count could not predict the level of lymphocyte count during

steady state on fingolimod. Variable CD8+ T cell and NK cell counts account for the

remarkable intra- and inter-individual differences regarding initial drop and steady state

level of lymphocyte count during fingolimod treatment, whereas CD4+ T cells and B

cells mostly present a quite uniform decrease in all treated patients. Selected patients

with lymphocyte count >1.0 GPT/l differed by higher CD8+ T cells and NK cell counts

compared to lymphopenic patients but presented comparable clinical effectiveness

during treatment.

Conclusion: Monitoring of the absolute lymphocyte count at steady state seems to be

a rough estimate of fingolimod induced lymphocyte redistribution. Our results suggest,

that evaluation of distinct lymphocyte subsets as CD4+ T cells allow a more detailed

evaluation to weigh and interpret degree of lymphopenia and treatment response in

fingolimod treated patients.
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INTRODUCTION

Multiple sclerosis (MS) is a chronic inflammatory disease of
the central nervous system (CNS) initiated and perpetuated
by an imbalance in the immune-regulatory network. Different
MS specific treatment regimens are available and aim to
govern autoimmunity and CNS inflammation (1). For some
years cellular anti-migratory strategies have been used to
control cell migration and accumulation in the CNS (2).
Fingolimod acts as sphingosine-1-phosphate (S1P) receptor
modulator that inhibits S1P-mediated lymphocyte egress from
lymph nodes impairing peripheral lymphocyte recirculation
(3–5). This unique mechanism of action results in reduction
of absolute lymphocyte counts including specific subsets as
naïve T cells, central memory T and B cells but also pro-
inflammatory Th1 and Th17 cell subsets in the peripheral
and central compartment (3, 6–9). Natalizumab is a further
effective therapy forMS patients also known by its anti-migratory
mechanism of action. Compared to fingolimod, natalizumab
is effective by the block of the α4-subunit of the very late
antigen-4 that impairs transmigration of immune cells across
the blood-brain barrier into the CNS. Although immune cell
subsets are rapidly decreased in the CNS compartment as well,
natalizumab lead to significant lymphocyte increase and distinct
changes in CD4/CD8 ratio in peripheral blood of treated patients
(10, 11). In contrast to other MS treatment regimens e.g.,
dimethylfumarate therapy even low levels of absolute lymphocyte
count up to 0.2 GPT/l can be tolerated during fingolimod
treatment (12–16). Other disease managing regimens e.g., in
cancer treatment use scoring systems as the National Cancer
Institute Common Terminology Criteria for Adverse Events
(NCI-CTAE) for grading degree and severity of adverse events
including lymphopenia to define risk of infectious complications
(17). Interestingly, even though there is a potential increased
risk for severe and opportunistic infections due to persistent
decrease of CD4+ T cells, only herpes reactivation and infection
is relevantly increased in fingolimod treatment (18). Although
the peripheral decreased lymphocyte count is a well-known
phenomenon for clinicians who are experienced with fingolimod,
the exact details of the intra- and inter-individual differences
regarding drop and fluctuation of lymphocyte count as well of
its subtypes is still a subject of debate (19–22). Up to now,
it is not clear which factors can lead to higher vs. lower
lymphocyte counts during fingolimod treatment and whether
distinct lymphocyte count patterns can assist to select patients
that are at higher risk for infections or non-responsiveness to
fingolimod treatment (20, 21, 23).

Real-world evidence (RWE) and observational studies are
becoming increasingly popular because they provide longitudinal
information on usefulness of drugs in real life and have the

Abbreviations: BMI, Body Mass Index; CNS, central nervous system; CRP, C-

reactive protein; DMT, disease modifying drug; gamma-GT, EDSS, Expanded

Disability Status Scale; EDTA, ethylene diamine tetra acetic acid; GLMM,

Generalized Linear Mixed Model; MRI, magnet resonance imaging; MS, multiples

sclerosis; NCI-CTCAE, National Cancer Institute Common Terminology Criteria

for Adverse Events; NK cells, natural killer cells; RR, relapsing remitting; RWD,

real-world data; RWE, real-world evidence; S1P, sphingosine-1-phosphate.

ability to discover uncommon or rare adverse drug reactions
inclusive lab abnormalities (24, 25). Following this approach of
real world lab data, here we aim to estimate the significance of the
individual variation of distinct lymphocyte subsets for differences
in absolute lymphocyte count decrease in fingolimod treated
patients and discuss how different lymphocyte subset patterns are
related to clinical presentation.

METHODS

Patients
In our observational real world cohort, we included 113
RRMS patients that were treated in our MS center in
Dresden (65 females/48 males) with highly active disease course
(Supplementary Table 1). After critical review of all relevant
clinical and imaging parameters and available treatment options,
fingolimod treatment was initiated at a dose of 0.5mg fingolimod
daily. Before fingolimod start, 80.5% of patients were pre-
treated with different DMTs (Supplementary Table 1). During
a standardized treatment switch procedure, injectables were
stopped 2 weeks before fingolimod start, natalizumab was
stopped 12 weeks before fingolimod start and other DMTs at
least 6 months before fingolimod start. Blood samples were
collected before (baseline), at month 1 and every 3 months up to
36 months of fingolimod treatment. Additionally patients were
monitored regarding clinical parameters including infections,
relapse activity, confirmed disability progression measured by
EDSS (≥1.0 point increase if EDSS baseline score was <4.0;
≥0.5 point increase if EDSS baseline score was ≥4.0) and BMI
three-monthly and MRI progression every year assessed by an
examined neuro-radiologist. MRI progression was defined in case
of appearance of new gadolinium enhancing lesions or new T2
lesions in cerebral MRI scan. No serious adverse events appeared
in our cohort. Data have been collected from the MSDS3D
database. The study was approved by the institutional review
board of the University Hospital of Dresden. Patients gave their
written informed consent.

Routine Blood Analysis
Standardized blood testing was performed for routine blood
parameters at the Institute of Clinical Chemistry and Laboratory
Medicine, University Hospital in Dresden, Germany. The
institute complies with standards required by DIN-EN-ISO-
15189:2014 for medical laboratories. Whole blood samples were
collected in ethylene diamine tetra acetic acid (EDTA). Routine
blood testing included complete blood cell count.

Immune Cell Phenotyping by
Fluorescence-Activated Cell Sorting
(FACS)
Whole blood samples were collected in EDTA. After collection
blood samples were incubated with fluorescence labeled
monoclonal antibodies including anti-CD3, anti-CD4, anti-CD8,
anti-CD16, anti-CD19, anti-CD56 (BD Biosciences, Heidelberg,
Germany) to define T cell, B cell, and natural killer (NK) cell
subpopulations. Afterwards, red blood cells were lysed using BD
FACS Lysing Solution (BD Bioscience). After washing with FACS
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buffer (phosphate buffered saline, 0.2% fetal bovine serum, 0.02%
sodium azide, all Biochrom) cells were evaluated on FACSCanto
II flow cytometer.

Evaluations and Definition of the Groups
Different approaches were chosen to discuss our study objectives:
(1) the whole cohort was examined to evaluate mean changes
in peripheral immune cell subsets on group level. Ten patients
out of our cohort presented lymphocyte count >1.0 GPT/L
after fingolimod start. In addition, matched groups of patients
with lymphocyte count 0.5–1.0 GPT/l and ≤0.5 GPT/l were
defined and used for further considerations. Additionally intra-
individual variability of lymphocytes and its subsets was
evaluated in these subgroups. Intra-individual variability was
calculated as the standard deviation of absolute cell counts
measured every 3 months between month 1 to month 36
of fingolimod therapy in each patient (2). The impact of
initial absolute lymphocyte drop was assessed. Median-split
was done for the initial absolute drop of lymphocyte count
at 1.40 GPT/l and the whole cohort was divided into a
high vs. low lymphocyte drop group (3). For the third
approach the relevance of high vs. low steady state lymphopenia
during fingolimod treatment was assessed. Median-split for
lymphocyte count was calculated for the steady state period

after month 6 at 0.48GPT/l and a lower steady state group
vs. a higher steady state group was selected out of the whole
cohort.

Scoring and grading of the level of lymphopenia was
performed using the system of the National Cancer Institute
Common Terminology Criteria for Adverse Events (NCI-CTAE).
Characterization of levels of lymphopenia using NCI-CTAE
grading was defined by lymphopenia grade 1: > 0.8 GPt/L,
lymphopenia grade 2: 0.5-0.8 GPt/L, lymphopenia grade 3: 0.2-
0.5 GPt/L, and lymphopenia grade 4: < 0.2 GPt/L.

Statistical Analysis
Data were analyzed applying Generalized Linear Mixed Models
(GLMM) with Gamma distribution and log link function
for evaluations with immune cell populations with skewed
distribution. Absolute lymphocyte counts and lymphocyte steady
state were skewed distributed and though groups of interest
were defined using medians-split to define groups of same and
comparable sample size. Although lymphocyte count drop was
normal distributed medians-split was applied as well to use
comparable methodology. Differences in patient characteristics
were defined using Analysis of Variances (ANOVA), Kruskal-
Wallis H test, Person’s chi-square test or Fischer exact test, and
an alpha error level of 5%. Correlation was calculated using

FIGURE 1 | Absolute count of peripheral white blood cells during fingolimod treatment. Absolute cell counts of leukocytes (A) lymphocytes (B), CD3+ T cells (D),

CD4+ T cells (E), CD8+ T cells (F), CD19+ B cells (G) and NK cells (H), and monocytes (I) are depicted. Data for the whole cohort are shown as Boxplot Tukey

before fingolimod start (baseline, BL), month 1 and every 6 months follow up. (C) Distribution of different ranges of lymphocyte count are shown graded with

NCI-CTCAE: lymphopenia grade 1 >0.8 GPt/L (green), lymphopenia grade 2 0.5-0.8 GPt/L (yellow), lymphopenia grade 3 0.2-0.5 GPt/L (orange) and lymphopenia

grade 4 < 0.2 GPt/L (red). Asterisks indicate level of significance of pairwise comparison (***p < 0.001).
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Spearman’s correlation. In order to control for the familywise
error rate of the multiple GLMM analyses, comparable
alpha error rates were adjusted via Bonferroni correction
as α/k were k is the number of analyses per parameter.
Therefore, values of p < 0.0125 (0.05/4) were considered
significant.

RESULTS

Lymphocyte Decrease and Its Relevance in
Lymphocyte Variation During Fingolimod
Treatment
All patients of our observational cohort demonstrated the well-
known drop of absolute lymphocyte count after fingolimod
initiation. There was a significant drop of leukocyte count
and lymphocyte count (Figures 1A,B). Evaluating grading by
NCI-CTAE demonstrated that most of the patients presented
lymphopenia grade 2 or 3 after fingolimod start (Figure 1C).
NCI-CTAE grade 4 was reached only at single time points
in selected patients. None of the patients stopped fingolimod
treatment due to lymphopenia during the observation period as
retest revealed grade 3 lymphopenia. Monocytes and NK cells
changed only mildly (Figures 1H,I), whereas the most intense
decrease was seen on T and B cell subtypes (Figures 1D–G).

Within our cohort, 10 of 113 patients presented with
lymphocyte counts ≥1.0 GPT/L. This specific high lymphocyte
group (HL) was compared with a matched (sex, age) fingolimod

TABLE 1 | Patient characteristics.

HL ML LL

Age (yr ± SD) 36.6 (9.9) 39.2 (8.6) 39.0 (8.1)

Duration since MS diagnosis (yr ± SD) 4.8 (2.1) 3.6 (4.0) 5.0 (3.6)

Sex (f/m) 3/7 3/7 3/7

Previous DMT use before fingolimod

start [no. (%)]

10 (100) 7 (70) 7 (70)

Interferon beta – 4 (40) 3 (26)

Glatirameracetat 8 (80) 3 (26) 3 (26)

Natalizumab 1 (10) – 1 (10)

Others 1 (10) – –

None previous DMT use [no. (%)] – 3 (26) 3 (26)

BMI at BL (± SD) 23.8 (2.5) 27.1 (4.0) 25.9 (4.8)

EDSS at BL (± SD) 2.4 (1.0) 2.0 (0.6) 3.6 (1.6)

Relapses during fingolimod (no.) 0 0 0

Confirmed EDSS progression during

fingolimod (no.)

0 0 1

MRI progression during fingolimod

(no.)

4 2 3

Adverse events—infections (no.) 23 14 15

Baseline characteristics of evaluated patients are depicted. HL (high lymphocyte group)

includes patients with lymphocyte count ≥ 1.0 GPT/L after fingolimod start. ML (median

lymphocyte group) with lymphocyte count of 0.5–1.0 GPT/l and LL (low lymphocyte group)

with lymphocyte count ≤ 0.5 GPT/l. DMT, disease modifying treatment. Other previous

treatments included: Laquinimod. Number of relapses, confirmed EDSS progression, MRI

progression and infectious events during fingolimod treatment period are presented. Yr,

year; SD, standard deviation; f, female; m, male; BL, baseline; no, number.

treated patient group with lymphocyte counts of 0.5-1.0 GPT/l
(median lymphocyte group, ML) respective ≤0.5 GPT/l (low
lymphocyte group, LL) (Table 1). Although characterized by
varying levels in lymphocyte decrease, the patients did not differ
regard clinical parameters including relapse activity, confirmed
EDSS progression and MRI progression or occurrence of
reported infectious events between all three groups (Table 1).
Distribution of previous DMT use was different in all three
groups with a higher proportion of interferon-beta use (30–
40%) in the ML and LL group whereas glatiramer acetate
was used more frequent in the HL group before fingolimod
start (Table 1). At baseline, there was a trend to a higher
absolute count of leukocytes and lymphocytes in HL group
compared to ML and LL group. Nevertheless, this trend was
not statistical significant (Figures 2A,B). After fingolimod start,
all lymphocyte counts significantly decreased (Table 2). The
HL group presented with the highest lymphocyte count at
month 1. Thereafter, lymphocyte count decreased further on
but was still higher and different compared to lymphocyte
counts of ML and LL group (Figure 2B, Table 2). Additionally,
intra-individual variability was evaluated in all three groups:
there was a wide intra-individual variation in lymphocyte
count in HL group after month 1 (Figure 2G). After the
initial drop, ML group and LL group presented with quiet
stable levels of lymphocyte count over the whole observation
period (Figure 2B). Intra-individual variation of lymphocyte
count presented at a smaller range compared to HL group
(Figure 2G).

Lymphocyte subpopulations have been analyzed in all three
groups: there were no significant differences at baseline between
the three groups for CD4+ T cells and CD19+ B cells
(Figures 3C,E). In contrast, highest CD8+ T cell and NK
cell count was seen in HL group before fingolimod start
(Figures 2D,F). After fingolimod start, T and B cell subsets
significantly dropped in all groups (Figures 2C–E, Table 2).
Interestingly, CD4+ T cells and CD19 B cells dropped similarly
and did not differ even at steady state in all three groups
(Figures 2C,E, Table 2), while CD8+ T cells were constantly
higher in HL group compared to ML and LL group during
fingolimod treatment (Figure 2D, Table 2). NK cells were not
affected by fingolimod treatment but significantly different in
absolute count between the HL, ML, and LL group at baseline
and follow up (Figure 2F,Table 2). Evaluation of intra-individual
variability of lymphocyte subtypes demonstrated high variability
in CD8+ T cells and NK cells especially in HL group whereas
ML and LL group presented comparable and lower intra-
individual variability (Figure 2G). CD4+ T cells and CD19+ B
cells were characterized by low variability reflecting constant and
stable levels within observation period in all investigated groups
(Figure 2G). Additional correlation analyses demonstrated that
there was a comparable CD4+ T cell decrease irrespective of
the lymphocyte count (r = 0.2849, n.s.; Figure 2H) whereas
CD8+ T cell decrease was strongly correlated with lymphocyte
decrease in our patients (r = 0.5998, p < 0.001; Figure 2I).
These data indicate that variability and occasionally high levels
of absolute lymphocyte count are primarily caused by the wide
individual variation in CD8+ T cell count, while CD4+ T
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FIGURE 2 | Cell count of selective immune cell subpopulations in cohorts with different initial lymphocyte decrease after fingolimod start. Absolute cell count of

leukocytes (A), lymphocytes (B), CD4+ T cells (C), CD8+ T cells (D), CD19+ B cells (E), and NK cells (F) are depicted. Three groups of patients during fingolimod

treatments are compared: HL group (high lymphocyte count 1 ≥ 1.0 GPt/L, red) ML group (medium lymphocyte count 0.5–1.0 GPt/L, blue) and LL group (low

lymphocyte count ≤ 0.5 GPt/L, green). BL, month 1 and 6 months interval of evaluation up to 36 months of fingolimod therapy are depicted. (G) Intra-individual

variability of lymphocytes, CD4+ T cells and CD8+ T cells, CD19+ B cells and NK cells compared between HL group, ML group and LL group are presented.

Intra-individual variability was declared as the standard deviation of absolute cell counts between month 1 to month 36 of fingolimod therapy. Mean ± SD are depicted.

Asterisks indicate level of significance of pairwise comparison. (**p < 0.01 and ***p < 0.001) (H,I) Correlation of decrease of CD4+ T cells resp. CD8+ T cells and

lymphocytes are presented. Mean of absolute lymphocyte count, CD4+ T cell count and CD8+ T cell count between month 1, month 3, and month 6 after fingolimod

start were calculated and depicted. Level of statistical significance was evaluated using Spearman’s correlation. (H) r = 0.2849, n.s. (I) r = 0.5998, p < 0.001.

cells are more robust and less variable to evaluate fingolimod
treatment effects.

Initial Drop of Lymphocyte Count Does Not
Predict Long-Term Level of Lymphocyte
Count
Lymphocyte decrease dependent on individual lymphocyte
drop during fingolimod treatment is frequently discussed.
Initial drop of lymphocyte count was individually calculated

using lymphocyte count at baseline vs. steady state after 6
months for each patient. Median-split was performed for the

initial absolute drop of lymphocyte count resulting at 1.40

GPT/l. A lower absolute drop group (LAD group; < 1.40
GPT/l) and a higher absolute drop group (HAD group; ≥

1.40 GPT/l) were defined. Both groups were not significantly
different in age, sex, disease duration, BMI, or EDSS at
baseline (Table 2). In the HAD there was a significant higher
number of patients that were pretreated with natalizumab
(21.1% in the HAD vs. 3.6% in the LAD group, p <

0.01).
At baseline, absolute lymphocyte count was significantly

higher in the HAD group (Figure 3A, Table 2). Highest

baseline lymphocyte counts were seen in previously natalizumab

treated patients (treatment stopped 12 weeks before fingolimod

initiation), whereas lymphocyte counts in patients with other
DMT use or none previous treatments were at comparable
range. By definition, the HAD group demonstrated significant
higher absolute as well as relative lymphocyte drop compared
to LAD group (Table 3, p < 0.001). Highest drop was
found in patients with previous natalizumab treatment (mean
absolute drop 2.52 GPT/l ± SD 1.00 GPT/l). During long-
term observation, lymphocyte counts were significantly reduced
to comparable levels in the LAD group vs. HAD group
(Figure 3A, Table 3). There was no significant correlation
between absolute lymphocyte drop and absolute lymphocyte
count at steady state (r = −0.041, p = 0.668). Additional
characterization of levels of lymphopenia using NCI-CTAE
grading demonstrated that there was a similar distribution of
grades of lymphopenia between the LAD group and HAD
group threw the whole observation period (Figures 3H,I).
There was no association between type of previous DMT
use and grade of lymphopenia during fingolimod therapy.
Independent of degree of lymphocyte drop, disease activity
parameters including relapse activity, disability progression and
MRI progression were comparable in both groups (Table 3).
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TABLE 2 | Level of significance for comparing the groups—global effects.

HL/ML/LL

group

Group-

effect

Time-

effect

Time-by-

group

interaction

HAD/LAD

group

Group-

effect

Time-

effect

Time-by-

group

interaction

HSS/LSS

group

Group-

effect

Time-

effect

Time-by-

group

interaction

Leukocyte p < 0.001 p < 0.001 p = 0.747 Leukocyte p < 0.001 p < 0.001 p = 0.566 Leukocyte p < 0.001 p < 0.001 p = 0.845

Lymphocyte p < 0.001 p < 0.001 p = 0.008 Lymphocyte p = 0.120 p < 0.001 p < 0.001 Lymphocyte p < 0.001 p < 0.001 p < 0.001

CD3+ T cell p < 0.001 p < 0.001 p = 0.040 CD3+ T cell p = 0.236 p < 0.001 p < 0.001 CD3+ T cell p < 0.001 p < 0.001 p < 0.001

CD4+ T cell p = 0.048 p < 0.001 p = 0.264 CD4+ T cell p = 0.381 p < 0.001 p < 0.001 CD4+ T cell p < 0.001 p < 0.001 p = 0.013

CD8+ T cell p < 0.001 p < 0.001 p = 0.450 CD8+ T cell p = 0.383 p < 0.001 p < 0.001 CD8+ T cell p < 0.001 p < 0.001 p = 0.073

CD19+

B cell

p = 0.017 p < 0.001 p = 0.957 CD19+

B cell

p < 0.001 p < 0.001 p = 0.004 CD19+

B cell

p = 0.043 p < 0.001 p = 0.877

Monocyte p < 0.001 p = 0.558 p = 0.926 Monocyte p = 0.002 p = 0.005 p = 0.592 Monocyte p < 0.001 p = 0.003 p = 0.869

NK cell p < 0.001 p = 0.981 p = 0.855 NK cell p = 0.220 p = 0.955 p = 0.165 NK cell p < 0.001 p = 0.811 p = 0.995

Values of p < 0.0125 were considered significant.

FIGURE 3 | Cell count of selective immune cell subpopulations in patients with high (HAD) vs. low absolute lymphocyte (HAD) drop. Absolute cell counts of

lymphocytes (A), CD3+ T cells (B), CD4+ T cells (C), CD8+ T cells (D), CD19+ B cells (E), NK-cells (F) and monocytes (G) are depicted. Comparison between two

groups is presented: LAD group is defined as lower absolute lymphocyte drop group (< 1.40 GPT/l, red) and HAD group defined as higher lymphocyte drop group (≥

1.40 GPT/l, green) after median-split. Data are shown before fingolimod start (baseline, BL), month 1 and every 6 months follow up. Mean ± SD are depicted. (H,I)

Distribution of different ranges of lymphocyte count are shown graded with NCI-CTCAE: lymphopenia grade 1 >0.8 GPt/L (green), lymphopenia grade 2 0.5-0.8

GPt/L (yellow), lymphopenia grade 3 0.2-0.5 GPt/L (orange) and lymphopenia grade 4 < 0.2 GPt/L (red). Results are presented for LAD group (H) and HAD group (I)

threw an observation period of 36 months. Asterisks indicate level of significance of pairwise comparison (**p < 0.01 and ***p < 0.001).

Furthermore, no significant differences in BMI or occurrence
of acute infections in the LAD vs. HAD group could be
confirmed.

Evaluation of lymphocyte subtypes demonstrated that T and

B cells presented with significantly higher absolute cell counts

at baseline in the HAD group (Figures 3B–E, Table 3). After

significant drop, T and B cells were at comparable levels in both

groups during fingolimod treatment (Figures 3B–E, Table 3).

There were no differences in absolute NK cell at baseline and after

treatment initiation between HAD and LAD group (Figure 3F,
Table 3). In monocytes only mild changes were found during
fingolimod treatment in both groups (Figure 3G, Table 3).

Lymphocyte Subtypes Differ in Patients
With High-Level vs. Low-Level Steady
State Lymphopenia
It is known that lymphocyte count and changes of its
subpopulations reach at latest their steady state 6 months after
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fingolimod start. Median-split was calculated for the steady state
period after month 6 (lymphocyte count of 0.48GPT/l). A lower
steady state group (LSS group; < 0.48 GPT/l) and a higher steady
state group (HSS group; ≥ 0.48 GPT/l) was defined. There were
no significant differences in age, disease duration, previous DMT
use, EDSS or BMI at baseline (Table 3). In the LSS group a
significant higher number of women (LSS group 70.3% vs. HSS
group 45.7%) could be identified (p < 0.05).

Baseline lymphocyte levels demonstrated only a trend to
higher baseline lymphocyte counts in the HSS group that
were significantly decreased to different levels of lymphocyte
steady state in both groups (Figure 4A, Table 2). As well
after fingolimod start, the absolute lymphocyte drop was not
different between LSS group and HSS group in reference
to baseline levels; a higher significant relative lymphocyte
drop (p < 0.001) could be shown for LSS group (Table 4).
Grading with NCI-CTAE scale demonstrated that LSS group
included single patients that presented with lymphocyte counts
at grade 2 already before fingolimod start (Figure 4H). All of
these patients were pretreated with interferon-beta treatment
that was stopped two weeks before fingolimod start. During
follow up, almost all patients in the LSS group presented
with lymphocyte counts lower than grade 2 and up to grade
4 (Figure 4H). None of these patients stopped fingolimod
treatment due to lymphopenia during the observation period
as retest revealed grade 3 lymphopenia. HSS group included
only patients with lymphocyte levels in the reference range
before fingolimod start and none of the patients presented
lymphocyte levels lower than grade 3 during follow up
(Figure 4I). There was no association between type of previous
DMT use and grade of lymphopenia during fingolimod therapy.
Patients that presented lymphocyte counts at lower NCI-
CTAE grade were not at risk for increased occurrence of
infections compared to patients with higher lymphocyte count
grade (Table 4). We could not find any differences in BMI
between the LSS group and HSS group. There were no
significant differences in clinical progression or MRI activity
over the 36 months observation period in LSS vs. HSS patients
(Table 4).

There were no significant differences regarding baseline levels
of all analyzed T and B cell subpopulations between LSS
group and HSS group (Figures 4B–E). After fingolimod start,
CD4+ T cells and CD19+ B cells significantly decreased to
comparable levels, whereas CD8+ T cells were significantly
higher in the HSS group vs. LSS group (Figures 4C–E, Table 2).
In addition, NK cells presented with higher counts at baseline
and during treatment period in HSS patients (Figure 4F,
Table 2). Interestingly, monocytes were higher at baseline and
follow up in the HSS compared to the LSS group (Figure 4G,
Table 2).

DISCUSSION

Lymphopenia is an integral part of fingolimod therapy based
on its unique mechanism of action (8). Already initial clinical
trials reported a decrease of lymphocyte count about 70% and

TABLE 3 | Patient characteristics.

LAD group HAD group

N patients 56 57

Age (yr ± SD) 39.9 (9.6) 39.0 (10.1)

Duration since MS diagnosis (yr ± SD) 6.4 (5.6) 7.1 (6.1)

Sex (f/m) 28/28 37/20

Previous DMT use before fingolimod start

[no. (%)]

43 (76.8) 48 (84.2)

Interferon beta 23 (41.1) 22 (38.6)

Glatirameracetat 14 (25.0) 13 (22.8)

Natalizumab 2 (3.6) 12 (21.1)

Others 4 (7.1) 1 (1.8)

None previous DMT use [no. (%)] 13 (23.2) 9 (15.8)

BMI—BL (± SD) 24.1 (4.0) 25.6 (5.1)

EDSS—BL (± SD) 3.0 (1.6) 2.7 (1.3)

Lymphocyte absolute drop [GPT/L] Mean

(95% CI)

0.95

(0.87; 1.03)

2.04

(1.88; 2.20)

Lymphocyte relative drop [%] Mean (95%

CI)

64.01

(60.80; 67.21)

79.65

(78.03; 81.26)

Lymphocyte steady state [GPT/L] Mean

(95% CI)

0.52

(0.46; 0.57)

0.50

(0.46; 0.55)

Relapse during fingolimod (no.) 13 12

Confirmed EDSS progression during

fingolimod (no.)

9 11

MR progression during fingolimod (no.) 18 17

Adverse events—infections (no.) 38 40

Patient characteristics of evaluated patients are depicted. LAD group (lower absolute

drop group) includes patients with an absolute lymphocyte drop < 1.40 GPT/l. HAD

includes patients with an absolute lymphocyte drop≥ 1.40 GPT/l. DMT, diseasemodifying

treatment. Other previous treatments included: Azathioprin (2), Laquinimod (3). Number

of relapses, confirmed EDSS progression, MRI progression and infectious events during

fingolimod treatment period are presented. Yr, year; SD, standard deviation; f, female; m,

male; BL, baseline; no, number.

discussed wide inter-individual differences in lymphocyte drop
and fluctuation of total lymphocyte count in treated patients
(27–29) There are different hypotheses which try to interpret
the variation in levels of lymphopenia in fingolimod treated
patients (19, 23, 30). Previous reports already discussed no
relevant relation between degree of lymphopenia and clinical
efficacy as well as occurrence of side effects (21, 28). Up
to date it is unclear whether and why patients appear with
less or marked decrease in lymphocyte count after fingolimod
start.

Real-world data provide longitudinal information on different
outcomes including effects on lab parameters (24). Implementing
lab data into a comprehensive real world data approach
can complete the fundamental quest of real world evidence
for individually improved treatment decisions and balanced
therapeutic risk assessment. In our observation, we evaluated
individual variation of lymphocytes and its subsets in a long-term
real life setting. There was a wide range of baseline lymphocyte
levels in our cohort. Differences in baseline lymphocyte count
dependent on previous DMT use cannot be excluded based
on restricted washout periods. In our evaluation, moderate
lymphopenia at baseline was more frequent in interferon-
beta treated patients whereas natalizumab pretreatment lead
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FIGURE 4 | Cell count of selective immune cell subpopulations in patients with high-level vs. low-level steady-state lymphopenia. Absolute cell counts of lymphocytes

(A), CD3+ T cells (B), CD4+ T cells (C), CD8+ T cells (D), CD19+ B cells (E), NK cells (F), and monocytes (G) are depicted. Comparison between two groups is

presented: LSS group defined as lower steady state group (< 0.48 GPT/l; red) and HSS group defined as higher steady state group (≥ 0.48 GPT/l; green) after

median split. Data are shown before fingolimod start (baseline, BL), month 1 and every 6 month follow up. Mean ± SD are depicted. (H,I) Distribution of different

ranges of lymphocyte count are shown graded with NCI-CTCAE: lymphopenia grade 1 >0,8 GPt/L (green), lymphopenia grade 2 0,5-0,8 GPt/L (yellow), lymphopenia

grade 3 0,2-0,5 GPt/L (orange) and lymphopenia grade 4 < 0,2 GPt/L (red). Results are presented for LSS group (H) and HSS group (I) threw an observation period

of 36 months. Asterisks indicate level of significance of pairwise comparison (**p < 0.01 and ***p < 0.001).

to higher levels at fingolimod start. Other reports discussed
that higher baseline lymphocyte levels were associated with
higher lymphocyte count threw follow up (20, 22). Furthermore,
increased risk of fingolinod-associated lymphopenia in patients
with interferon-beta pretreatment was suggested (20). In our
cohort, we could not statistically prove that higher baseline
levels or different pretreatment conditions were associated
with the level of lymphocyte count or decrease at steady
state during fingolimod therapy. Previous reports discussed an
increased risk of lymphopenia in patients with BMI <18.5
kg/m2 (20). Others presented data that could not confirm
correlation between BMI and lymphopenia levels (22). In
our observation, we could not define a significant relation
between BMI and lymphocyte count, probably because only
four patients presented persistent BMI levels <18.5 kg/m2.
Nevertheless, its lymphocyte count was reduced about 0.39–
1.13 GPT/l at comparable range in contrast to other treated
patients.

Interestingly, the absolute and relative lymphocyte drop after
fingolimod start could not predict the level of lymphopenia
in our cohort. Although marked differences in lymphocyte
drop were present between patients, lymphocyte levels reached
comparable levels independent of degree of lymphocyte
drop. Most of the recent reports evaluating lymphopenia
and its variation in fingolimod treated patients did not

analyze specific lymphocyte subtypes. Although absolute
lymphocyte count differed in our patients, additional
analysis of lymphocyte subtypes confirmed that CD4+ T
cells and CD19+ B cells were decreased at a comparable
level with narrow intra- and inter-individual variation in
all fingolimod treated patients irrespective of the degree of
lymphopenia.

In line with previous data, absolute NK cells count was
not altered by fingolimod treatment in our cohort (26). NK
cell recirculation is mediated by S1PR1 and S1PR5. It is
suggested that S1PR5 is less susceptible to fingolimod than
S1PR1, which is used by the other lymphocyte subtypes (31).
These circulating NK cells maintain their functional capacity
and contribute to the immunosurveillance by the innate immune
system in fingolimod treated patients (32). In our study, patients
with lower lymphocyte count during fingolimod treatment
were associated with significant lower NK cell number. Intra-
individual fluctuation of NK cell count was highest in patients
with higher level of lymphocyte count compared to patients
with lower level of lymphocyte count and did significantly differ
compared to CD4+ T cells and CD19+ B cells. Main differences
in absolute lymphocyte count were induced by variation in NK
cell count.

Although initially supposed, degree of lymphopenia could
not confirm a correlation with clinical treatment response (21).
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TABLE 4 | Patient characteristics.

LSS group HSS group

N patients 54 59

Age (yr ± SD) 40.4 (10.0) 38.6 (9.6)

Duration since MS diagnosis (yr ± SD) 7.7 (6.0) 5.7 (5.6)

Sex (f/m) 38/16 27/32

Previous DMT use before fingolimod

start [no. (%)]

45 (83.3) 46 (78.0)

Interferon beta 25 (46.3) 20 (33.9)

Glatirameracetat 10 (18.5) 17 (28.8)

Natalizumab 6 (11.1) 8 (13.6)

Others 4 (7.4) 1 (1.7)

None previous DMT use [no. (%)] 9 (16.7) 13 (22.0)

BMI—Baseline (± SD) 24.5 (4.6) 25.3 (4.7)

EDSS—Baseline (± SD) 3.0 (1.5) 2.7 (1.3)

Lymphocyte absolute drop [GPT/L]

Mean (95% CI)

1.52

(1.32;1.73)

1.48

(1.29;1.66)

Lymphocyte relative drop [%] Mean

(95% CI)

76.86

(74.05;79.68)

67.35

(64.16;70.54)

Lymphocyte steady state [GPT/L]

Mean (95% CI)

0.38

(0.37;0.40)

0.63

(0.58;0.68)

Relapse during fingolimod (no.) 15 10

Confirmed EDSS progression during

fingolimod (no.)

13 7

MR progression during fingolimod

(no.)

15 20

Adverse events—infections (no.) 39 39

Patient characteristics of evaluated patients are depicted. LSS group (lower steady state

group) includes patients with a lymphocyte count at steady state< 0.48 GPT/l. HSS group

(higher steady state group) includes patients with a lymphocyte count at steady state

≥ 0.48 GPT/l. Number of relapses, confirmed EDSS progression, MRI progression and

infectious events during fingolimod treatment period are presented. Yr, year; SD, standard

deviation; f, female; m, male; BL, baseline; no, number.

Others discussed increased CD3+ and CD8+ T cell counts and
decreased number of NK cells in first 6 months of fingolimod
therapy as predictive marker for relapse activity (23). In our
cohort, some patients presented with lymphocyte counts above
1.0 GPT/l. In these patients we could not confirm differences
of clinical MS disease activity compared to patients with
< 1.0 GPT/l or even < 0.5 GPT/l lymphopenia. Differences
in lymphocyte count were caused by higher levels and of
CD8+ T cell and NK cell count in higher lymphocyte cohort
whereas CD4+ T cells and CD19+ B cells were markedly
and comparable decreased in all three groups. Though, we
suppose that decrease in CD4+ T cell count is associated
with fingolimod efficacy and response rather than complete
lymphocyte count.

During fingolimod treatment, the degree of lymphopenia and
its clinical relevance defined by increased risk of infectious events
is critically discussed (18, 30). Grading the level of lymphopenia
using the NCI-CTAE is done especially for oncological diseases
and treatment to define patients at higher risk for infections
(17). Level of lymphopenia displayed in our cohort presented
a wide range of distribution from grade 1 to grade 4 of the

NCT-CTAE scale. Nevertheless, we could not prove an increased
incidence of infectious adverse events in the lower vs. higher-
level lymphopenia group. These data are in line with several
studies presenting primarily mild to moderate infections during
fingolimod (8, 18, 28) The most relevant infectious complication
in fingolimod treated patients is defined by varicella-zoster virus
(VZV) and herpes simplex virus (HSV) infection or reactivation
(8, 18, 33). However, individual variation of VZV specific T cell
responses are assumed to be more relevant for upcoming VZV
activation rather than absolute lymphocyte counts (34, 35). Up
to date, we are not able to confirm that monitoring of absolute
lymphocyte count or its subtypes can assist to predict higher
infectious risk at lymphocyte counts of 0.2 GPT/l. Instead, cases
of severe upcoming disease activity after fingolimod cessation
because of lymphopenia (<0.2 GPT/l) are known (35, 36).
Though, fingolimod interruption on the basis of lymphopenia
of < 0.2 GPT/l has to be critically discussed in the individual
context.

In summary, we demonstrate that CD4+T cells and CD19+ B
cells are comparably decreased in all fingolimod treated patients
whereas grade of lymphopenia is primarily defined by individual
variation of CD8+ T cell and NK cells. Monitoring of absolute
lymphocyte drop and absolute lymphocyte count at steady state
is only partially helpful as they do not cover distinct changes in
the specific immune cell distribution. Our results suggest that
monitoring of cellular target populations as CD4+ T cells seems
to be more straight forward and probably clinically relevant
to weigh and interpret the degree of immunological effects in
fingolimod treated patients.
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Natalizumab inhibits the transmigration of immune cells across the blood-brain barrier

thus inhibiting inflammation in the central nervous system. Generally, this blockade

at the blood-brain barrier has significant influence on the circulating lymphocytes. Up

to date, only short-term data on peripheral blood parameters are available which are

mostly from controlled clinical trials and not from real-world experience. Real-world lab

data of 120 patients diagnosed with highly active disease course of relapsing-remitting

multiple sclerosis (RRMS) were analyzed during natalizumab treatment. Patient sampling

was performed by consecutive recruitment in the Multiple Sclerosis Center Dresden.

Lab testing was performed before and at every third infusion up to 72 months

follow-up. After first natalizumab infusion, absolute numbers of all major lymphocyte

populations including CD4+ T-cells, CD8+ T-cells, CD19+ B-cells, and NK-cells

significantly increased and remained stable during the whole observation period of

72 months. Upon lymphocyte subsets, CD19+ B-cells presented a disproportionate

increase up to levels higher than normal level in most of the treated patients.

Neutralizing antibodies to natalizumab abrogated the described changes. Intra-individual

variation of lymphocytes and its subsets remained in a narrow range for the whole

treatment period. CD4/CD8 ratio did not change compared to baseline measurement

up to 6 years of natalizumab treatment. Monocytes, eosinophils, and basophils, but

not neutrophils persistently increased during natalizumab treatment. Hematological

parameters including erythrocyte, platelet count, hemoglobin, and hematocrit remained

unchanged compared to baseline. Interestingly, immature precursor cells including

erythroblasts were detectable in 36,8% of the treated patients during natalizumab

therapy, but not in the pretreatment period. Asymptomatic elevations of liver enzymes

were rare, mostly only transient and lower than 3x upper normal limit. Kidney function

parameters remained stable within physiological ranges in most patients. CRP levels

>20 mg/dl were recognized only in 10 patients during natalizumab therapy and were

mostly linked to respiratory tract infections. In our present analysis, we report persistent,

but stable increases of peripheral immune cell subtypes in natalizumab treated patients.

Additional serological analyses confirm excellent tolerability and safety even 6 years after

natalizumab initiation in post-marketing experience.

Keywords: natalizumab, multiple sclerosis, real-world lab data, peripheral immune cell subtypes, clinical practice
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INTRODUCTION

Natalizumab (NAT) is a humanized monoclonal antibody
selectively directed against the α4-subunit of the very late
antigen-4 (VLA-4) integrin, a specific adhesion molecule on
the surface of leukocytes except neutrophils. The α4-integrin
interacts with the vascular cell adhesion molecule-1 (VCAM-
1) expressed on endothelial cells of blood vessels to mediate
extravasation and transmigration of immune cells across the
blood-brain barrier into the central nervous system (CNS) (1–
3). By its unique mechanism of action, NAT blocks the VLA-
4/VCAM-1 mediated leukocyte-endothelial interaction (2, 4).
Though, lymphocyte migration into brain tissue is prevented
and the CNS inflammation is inhibited (5). NAT is highly
effective in relapsing-remitting (RR) multiple sclerosis (MS)
proven by marked decrease in relapse rate, MRI activity and
disease progression (6, 7). There is a growing experience in
selection of appropriated patients and use of NAT in everyday
clinical practice since approval. Among disease-modifying
treatments (DMT) in MS therapy, NAT is associated with an
increased risk of progressive multifocal leukoencephalopathy
(PML) especially in John Cunningham virus (JCV) positive and
long-term treated patients (8). Since re-approval in 2006, a
detailed and standardized management program was established
which is now used in everyday clinical practice (8–10). As
part of this risk management plan, standardized lab testing
is recommended including complete blood count, peripheral
immune cell status, and serological parameters to be aware
of clinical relevant changes. Especially lymphocytosis has been
already described in NAT-treated patients due to impaired
lymphocyte extravasation into tissues as well as mobilization
of hematopoetic precursor cells from bone marrow (11–16).
As part of our NAT management, data from clinical practice
are collected providing longitudinal information on different
outcomes inclusive adverse affects (17). Such real-world evidence
(RWE) and observational studies are becoming increasingly
popular because they reflect the usefulness of drugs in real life
and have the ability to discover uncommon or rare adverse
drug reactions inclusive lab abnormalities (18). Therefore, RWE
can assist to evaluate the drug profile in clinical practice and
to link it with other clinical outcomes. The MSDS3D software
which has been adapted to the NAT management in particular
combines documentation of patient data with management of
patients with MS implementing treatment-specific modules, to
collect data of safety management inclusive lab data with regard
to the characteristics of different treatments and populations (19).

Today, NAT has been successfully used in MS patients for
more than 11 years. The increase in lymphocyte count was
already discussed during the initial clinical trials (6, 20). Further

Abbreviations: ALAT, alanine aminotransferase; ASAT, aspartate

aminotransferase; CNS, central nervous system; CRP, C-reactive protein;

DMT, disease modifying drug; gamma-GT, gamma-glutamyltransferase; EDSS,

Expanded Disability Status Scale; i.v., intravenously; JCV, John Cunningham virus;

MRI, magnet resonance imaging; MS, multiples sclerosis; NAT, natalizumab;

NEDA, no evidence of disease activity; NK cells, natural killer cells; PML,

progressive multifocal leukoencephalopathy; RR, relapsing remitting; VCAM-1,

vascular cell adhesion molecule-1; VLA-4, very late antigen 4.

single evaluations followed after approval and in post-marketing
experience (21–24). Nevertheless, a systematic and long-term
evaluation of real-world routine lab testing data including
peripheral cell subtypes and serological parameters is not yet
available.

In this study, we present real world laboratory data of a cohort
of NAT treated patients up to 72 months follow up. We aim to
describe the biological impact of NAT on peripheral blood cell
subset distribution during long period treatment observation in
the real world. Additional serological analyses allow evaluation
of tolerability and safety after NAT initiation in real world
experience.

METHODS

Patients
We included 120 patients (91 females and 29 males) diagnosed
with RRMS according the McDonald criteria and highly
active disease course (25). After critical review of clinical
and MRI data as well as available treatment options, NAT
treatment was initiated. Patient sampling was performed by
consecutive recruitment (Figure 1) in the MS center, University
Hospital Dresden. Expanded Disability Status Scale (EDSS) was
performed by an experienced, Neurostatus-certified neurologist
(26). Patient baseline characteristics are reported in Table 1.
Patients starting with NAT presented at an mean age about
33.7 ± 9.6 years, an median EDSS score about 3.5 and median
duration since diagnosis of RRMS about 4.0. About 69.2%
of patients received at least one DMT before NAT initiation,
30.8% patients were initiated to NAT without previous DMT.
During a standardized treatment switch procedure, injectables
were stopped 2 weeks before natalizumab start, fingolimod
was stopped 8 weeks before natalizumab and other DMTs at
least 6 months before natalizumab initiation. The proportion
of patients without disease activity and NEDA-3 status defined
by no relapses, no confirmed EDSS progression (≥1.0 point
increase if EDSS baseline score was <4.0; ≥0.5 point increase if
EDSS baseline score was ≥4.0), and no MRI progression (one
or more new T2 or gadolinium enhancing lesions) during the
72 months observation period are presented in Figure 2. Data
have been collected from the MSDS3D database. The study was
approved by the institutional review board of the University
Hospital of Dresden. Patients gave their written informed
consent.

NAT Infusion Protocol and Blood Sampling
NAT infusion protocol used in our MS center was adapted
to the standardized infusion protocol described in guidelines
of diagnosis and treatment of MS patients of the German
association of MS (27). NAT (300 mg) was given every 4 weeks
intravenously (i.v.) over the course of 1 h. According to our
standard operation procedure, routine blood analysis and EDSS
evaluations were realized before NAT start and every 3 months.
In this analysis, we evaluated these parameters up to 72 months
follow up.
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FIGURE 1 | Patient recruitment per 6 months period. One hundred and twenty patients with highly active MS were recruited and evaluated at data analysis. Based on

consecutive sampling some of patients already reached 72 month follow up, whereas others did not yet at time point of data analysis. Number of patients included at

defined time point are depicted (black bar). Additionally number of patients that discontinued NAT treatment at defined time point are presented (gray bar). Clinical and

lab data were evaluated every 3 months.

TABLE 1 | Baseline characteristics.

Age (yr ± SD) 33.7 (9.6)

Male-[no. (%)] 29 (24.2)

Female-[no. (%)] 91 (75.8)

Previous use DMT-[no. (%)] 83 (69.2)

Interferon-beta 51 (42.5)

Glatiramer acetate 21 (17.5)

Fingolimod 4 (3.3)

Other approved medications 7 (5.8)

none-[no. (%)] 37 (30.8)

Duration since MS diagnosis (mean yr ± SD) 5.6 (5.8)

Mean score on EDSS 3.8 (1.8)

Baseline characteristics of evaluated patients. Other approved medications include,

Triamcinolon (1), Azathioprin (1), Mitoxantron (4), Laquinimod (1). DMT, disease modifying

therapy; yr, years; SD, standard deviation; no, number.

Routine Blood Analysis
Standardized blood testing was performed for routine blood
parameters at the Institute of Clinical Chemistry and Laboratory
Medicine, University Hospital in Dresden, Germany. The
institute complies with standards required by DIN-EN-ISO-
15189:2014 for medical laboratories. Routine blood testing
included complete blood cell count, liver enzymes, creatinine,
sodium, potassium, and C-reactive protein (CRP). Serological
testing for JCV antibodies was performed before natalizumab
start and every 6 months follow up and was measured at Unilabs,
Denmark (Stratify JCVTM Test).

Immune Cell Phenotyping by
Fluorescence-Activated Cell Sorting
(FACS)
After blood collection, subpopulations of T-cells, B-cells,
and natural killer (NK) cells were characterized by surface

staining with fluorescence labeled anti-CD3, anti-CD4,
anti-CD8, anti-CD16, anti-CD14, anti-CD19, anti-CD56
(BD Biosciences, Heidelberg, Germany) according to the
manufacturer’s instructions. Negative controls included directly
labeled or unlabeled isotype-matched irrelevant antibodies
(BD Biosciences). Cells were evaluated on FACSCanto II flow
cytometer.

Statistical Analysis
Data were analyzed applying Generalized Linear Mixed Models
with Gamma distribution and log link function due to the right-
skewed distribution pattern of the data. Bonferroni correction
for pairwise tests was used. Correlations were calculated using
Spearman’s correlation model. At the time, there were no clear
variables at hand that should have been treated as confounders.
Since we had no determining groups to test for differences,
confounders over time were left to be considered. In the graphs
(Figures 3–5, 7), data are given as mean ± standard deviation
(SD). In Table 2, data are additionally presented as mean
±95% confidence interval (CI) providing information about
the precision of estimates over the course of the study. Values
of ∗p < 0.05, ∗∗p < 0.01, and ∗∗∗p < 0.001 were considered
significant.

RESULTS

Complete Blood Cell Count and Its
Variation During Long-Term NAT Therapy
In our analysis 120 patients were included starting on NAT
therapy. Before NAT initiation, a wide range of leukocyte
resp. lymphocyte counts (3.3–13.9 GPT/L, respectively, 0.4–3.7
GPT/L) was seen (Figures 3A,B, Table 2). Levels of baseline
leukocyte resp. lymphocyte count did not significantly differ
between patients without or with different previous DMT use in
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FIGURE 2 | Proportion of patients without disease activity and NEDA-3 status after NAT start. (A) Clinical parameters are depicted in a Kaplan–Meier survival curve

analysis for relapses, confirmed EDSS progression (≥1.0 point increase if EDSS baseline score was <4.0; ≥0.5 point increase if EDSS baseline score was ≥4.0) and

MRI progression (one or more new T2 or gadolinium enhancing lesions) after month 6 and during 72 months follow up. (B) No evidence of disease activity (NEDA)-3

status was confirmed when criteria of no relapses, no EDSS progression and no MRI progression were met.

FIGURE 3 | Complete blood analysis during NAT treatment. Blood samples were taken before NAT started (M0) and every 3 months. Blood samples were analyzed in

a certified medical laboratory. Analysis of complete blood count as leukocytes (A), lymphocytes (B), monocytes (C), neutrophils (D), eosinophils (E), and basophils (F)

were included. Data are shown for baseline analysis (M0), month 3 (M3), month 6 (M6), month 12 (M12), and every 12 months follow up (M24, M48, M60, M72).

Results are depicted as mean ± standard deviation. Green background indicates reference range of depicted parameters. Additionally, proportion of patients graded

by white blood cell levels are shown: lower than reference range (yellow), reference range (green), and higher than the reference range (blue). Levels of significance are

presented in Table 2.

our cohort. At NAT start, 24 patients presented with lymphocyte
counts <1.5 GPT/L without a specific pretreatment pattern.

After NAT initiation, leukocyte and lymphocyte counts
increased significantly (global time effect p < 0.001,

Figures 3A,B, Table 2). On average, leukocyte count increased
up to about 2.05 GPT/L absolutely and 37.33% relatively,
lymphocytes up to about 1.63 GPT/L in absolute and 99.95%
in relatively. The highest increase in leukocyte and lymphocyte
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FIGURE 4 | Cell count of selective immune cell subpopulations during NAT treatment. Absolute cell count of CD3+ T cells (A), CD4+ T cells (B), CD8+ T cells (C),

CD19+ B cells (D), NK cells (E), and the CD4+/CD8+-Ratio (F) are depicted. Data are shown for baseline analysis (M0), month 3 (M3), month 6 (M6), month 12

(M12), and every 12 months follow up (M24, M48, M60, M72). Mean ± standard deviation are presented. Green background indicates reference range of depicted

parameters. Additionally, proportion of patients graded by lymphocyte subtype level are shown: lower than reference range (yellow), reference range (green) and higher

than the reference range (blue). Level of significance are presented in Table 2.

count was seen in patients pretreated with fingolimod
(only 4 patients in our cohort included) before NAT start.
Furthermore, there were no significant differences in leukocyte,
respectively, lymphocyte increase or distribution during NAT
treatment depending on pretreatment use. NAT treatment
led to counts even higher than predefined upper normal
limit for leukocytes in 28.8% of the treated patients and for
lymphocytes in 21.4% of treated patients. Persistent lymphopenia
<1.5 GPT/L was not seen during NAT treatment in our
cohort.

Other leukocyte subtypes including monocytes, eosinophils,
and basophils were significantly elevated and again increased
even higher than upper normal level (global time effect p< 0.001,
Figures 3C,E,F, Table 2). These effects were persistent without
significant fluctuations during the entire observation period
in all treated patients. Interestingly, no changes were seen
regarding absolute number and distribution of neutrophils
during the whole observation period (global time effect
p = 0.863, Figure 3D, Table 2). Additional evaluation of
blood parameters including hemoglobin, hematocrit, erythrocyte
count, and platelets demonstrated stable parameters in normal
range during the 72 months evaluation period. Immature
precursor cells including erythroblasts were detectable in 36.8%
of the treated patients during NAT therapy, whereas none
of these patients presented erythroblasts in the pretreatment
period.

Effects on Distinct Lymphocyte Subsets
and Its Intra-Individual Variation
In addition to complete blood count analysis, distinct lymphocyte
subsets were evaluated. Absolute count of T cell subtypes
presented in the physiological reference range in most of
the patients before NAT start (Figures 4A–C). Only in single
patients, T cells below lower normal limit could be identified
(two patients without pretreatment, one patient with previous
fingolimod treatment, one patient with previous interferon-
beta treatment). Interestingly, evaluating predefined reference
ranges for B cells and NK cells, most of the patients with
lower lymphocyte count at baseline were associated with lower
B cell and NK cell count at baseline as well (Figures 4D,F).
All investigated cell subtypes including CD3+ T cells, CD4+ T
cells, CD8+ T cells, CD19+ B cells, and NK cells, significantly
increased after NAT initiation (global time effect p < 0.001,
Figures 4A–E, Table 2). A higher portion of patients with a
more intense increase of CD8+ T cells was seen compared to
CD4+ T cells (Figures 4A–C). For CD4+ T cells, an increase
>10% was seen in 94.2% of treated patients, an increase >20%
was seen in 88.5% of treated patients, an increase >50% was
seen in 61.5% of treated patients, and an increase >100% was
seen in 23.1% of treated patients. In contrast for CD8+ T
cells, an increase >10% was found in 96.2%, an increase >20%
was found on 92.3% of patients, an increase >50% was seen
in 80.8% of patients, and an increase >100% was found in
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FIGURE 5 | Intra-individual variability of peripheral immune cell subsets during NAT treatment. Intra-individual variation of leukocytes (A), lymphocytes (B), monocytes

(C), CD3+ T cells (D), CD4+ T cells (E), CD8+ T cells (F), CD19+ B cells (G), and NK cells (H) are depicted for each year. Intra-individual variability was defined as

the standard deviation of absolute cell counts every 3 months in every year after NAT start (starting at month 3). Mean ± standard deviation.

38.5% of NAT treated patients. Nevertheless, CD4/CD8 ratio was
not significantly changed in our cohort during long-term NAT
treatment (Figure 4F). Patients with increased CD4/CD8 ratio
at baseline presented increased CD4/CD8 ratio during follow up
as well. CD19+ B cells presented the most pronounced increase
in their frequency distribution in almost all treated patients
(Figure 4D, Table 2). Regarding CD19+ B cells, all patients
increased more than 20%. An increase >50% was seen in 94.2%
of treated patients and an increase >100% was seen in 86.5 %
of treated patients. Additionally, NK cells markedly increased,
remained in the reference range with stable levels during the
whole period of investigation (Figure 4E, Table 2). An increase
>20% was seen in 98.1% of treated patients, an increase >50%
was seen in 90.4% of treated patients and an increase >100% was
seen in 63.5% of treated patients.

There was a strong correlation between baseline count and
relative increase for lymphocytes and its subtypes [r – (0.792
– 0.625); p < 0.0001], but no significant correlation between
baseline count and absolute increase. Age [r – (0.221 – 0.109);
p > 0.05] and different pretreatment conditions [r –(0.039 –
0.052); p > 0.05] could not predict changes and pattern of
immune cell subtypes during NAT therapy. In addition, intra-
individual variability of different immune cell subtypes was
evaluated during NAT treatment (Figure 5). Intra-individual
variability was defined as the standard deviation of absolute
cell count every 3 months in every year after NAT start. Most
pronounced variability was seen for the leukocyte count, whereas

lymphocytes and its subtypes varied only in a narrow range
(Figure 5).

Reference to Clinical Parameters
The proportion of patients with or without disease activity and
NEDA-3 status are presented in Figure 2. Evaluation of immune
cell profiles in NEDA-3 positive patients vs. active patients could
not confirm significant differences in the immune cell profile of
leukocytes, lymphocytes, monocytes, T cell subsets, B cells, or NK
cells during NAT treatment.

At NAT start, JCV antibody status was negative in 75 patients,
positive in 19 patients, and unknown in 26 patients. During NAT
treatment, 25.4% of JCV antibody negative patients switched to
JCV antibody positive status. There were no cases of PML in our
cohort. During the observation period, 39 patients stopped NAT
treatment: 35 patients stopped because of positive JCV antibody
status, three patients because of efficacy reasons and one patient
because of the individual patient wish. Immune cell profile in
patients that terminated NAT treatment was not statistically
different to patients continuing NAT therapy.

Lymphocytes in a NAT Treated Patient With
Neutralizing Antibodies Against NAT (nAbs)
This female patient was diagnosed RRMS in 02/2014 at an age of
25 years. In 05/2014 she started on dimethylfumarate treatment
(Figure 6A). Due to side effects, treatment was changed to
glatiramer acetate in 10/2015. In 03/2017 she suffered from a
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FIGURE 6 | Case presentation and course of peripheral immune cell subset in a NAT treated patient with positive nAbs. (A) Clinical data including relapse activity, MRI

progression, and treatment conditions are presented. DMF, dimethylfumarate; GA, glatiramer acetate; NAT, natalizumab; ATZ, alemtuzumab. (B–I) Absolute cell count

of leukocytes (B), lymphocytes (C), monocytes (D), CD3+ T cells (E), CD4+ T cells (F), CD8+ T cells (G), CD19+ B cells (H), and NK cells (I) are depicted. Data are

shown for screening, NAT treatment period (1. NAT, 1st NAT infusion etc), and period after NAT cessation (post-NAT1, post-NAT2, post-NAT3; 1, 2, or 3 months after

NAT stop).

FIGURE 7 | Serological parameters during NAT treatment. Before each infusion started, blood samples were taken and analyzed in a certified medical laboratory.

Analysis of serological parameters including ALAT (A), ASAT (B), gamma-GT (C), creatinine (D), and CRP (E) were included. Data are shown for baseline analysis (M0)

and sixth months follow up (M6, M12, […], M72). Data are presented as mean ± standard deviation. Dotted line indicates the reverence range for men for ALAT and

ASAT at a value of 0.85 µmol/s*L and for gamma-GT at 1.2 µmol/s*L. Broken line indicates reverence range for women for ALAT and ASAT at a value of 0.6 µmol/s*L

and for gamma-GT at 0.7 µmol/s*L. There were no statistical significant changes.
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severe relapse and cerebral MRI scan demonstrated new T2
lesions. JCV index was negative and first NAT infusion was
performed in 06/2017. After 4 months, cerebral MRI scan
presented two new T2 lesions. NAT infusions were continued. In
01/2018 after the 8. NAT infusion, the patient suffered again of an
acute relapse that was treated with corticosteroids. Testing and
re-testing of antibodies against NAT (nAbs) was done and high
titers of nAbs were confirmed in 02/2018 and 03/2018 (testing
was performed at the Department of Neurology, University
Hospital Bochum, Prof. Dr. R. Gold). Evaluation of JCV index
in 11/2017 and 04/2018 presented again negative results. MRI
scan presented progress of >10 new T2 lesions in 05/2018. NAT
treatment was stopped and treatment with alemtuzumab was
started in 06/2018 (Figure 6).

Evaluation of blood cell count demonstrated that in contrast
to our cohort presented above leukocytes and lymphocytes were
not relevantly changed after starting NAT treatment in this
patient (Figures 6B,C). Lymphocytes and its subsets were not
increased during the NAT treatment and did not change in the
post-treatment period as well (Figures 6E,F). We assume that
nAbs developed quite early after NAT start. This case report
demonstrates that real world lab data can potentially identify
patients with nAbs development to NAT.

Standard Serological Parameters During
NAT Treatment
Standard serological parameters were measured every 3
months as well (Figure 7). In most of the patients, liver
enzymes including alanine aminotransferase (ALAT), aspartate
aminotransferase (ASAT), and gamma-Glutamyltransferase
(gamma-GT) demonstrated levels in the reference range over
the whole observation period (Figures 7A–C). Nevertheless,
out of our 120 patients few patients presented with transient
and asymptomatic increase of ALAT, ASAT or gamma-GT
(Figures 7A–C). After NAT initiation, ALAT levels were
increased once during the whole observation period but reached
reference range at re-test in 16 patients. Seven patients presented
with repeated increase of ALAT level. In nine patients increased
ASAT levels were seen once during NAT treatment with
normalized values at re-testing. One patient presented repeated
increase of ASAT levels threw observation. None of these patients
reached levels >3x upper normal limit for ASAT, and only one
patient reached levels >3x upper normal limit for ALAT, but
presented with normalized values after re-test. (Figures 7A,B).
Gamma-GT was elevated in 21 patients during NAT therapy.
Elevation of gamma-GT was transient and appeared only once
in eight of the investigated patients. In 13 patients, repeated
elevations of gamma-GT levels were seen. Only three patients
presented with gamma-GT levels >3x upper normal limit. This
increase was asymptomatic and without any clinical significance.

Kidney function parameters including creatinine (Figure 7D)
as well as sodium and potassium levels (data not shown)
remained stable within physiological ranges in most of the
patients. Only few patients appeared with transient elevation
in creatinine levels at least once during NAT therapy in our
cohort (Figure 7D). Creatinine levels lower than physiological
reference ranged appeared primarily in immobilized patients and
did not reflect any clinical relevance (Figure 7D). CRP levels≥20

mg/dL were defined as clinical significant. In our observation,
almost all patients presented with normal CRP levels during the
whole observation period (Figure 7E). Nevertheless, 10 patients
presented with an increase in CRP up to 144 mg/dL during NAT
therapy. Six of these 10 patients showed clinical symptoms of
an infection. At onset of CRP increase, six of these 10 patients
suffered from respiratory tract infection that resolved during
follow up. In four of these patients, CRP increase was paralleled
by clinical significant increase of leukocyte but not lymphocyte
count.

DISCUSSION

In our longitudinal observational study, we systematically
collected real world lab data including specific immune cell
subsets and routine laboratory parameters in NAT treated
patients during long-term NAT treatment. Upon NAT treated
patients, there are a huge amount of reports available discussing
long period outcome and clinical parameters including relapse
rate, MRI-activity, and disease progression presenting long-term
efficacy (28–30), whereas analyses of immune cell subsets and
standard lab analyses are restricted only up to 24–48 months
follow up (15, 23, 24). Compared to previous studies, we analyzed
a representative large number of patients for a treatment period
up to 6 years. Our cohort demonstrated the excellent clinical
effectiveness of NAT in the real world scenario as well. NAT
selectively directs the α4 subunit of VLA-4 on the surface of
leukocytes (2). The interplay of VLA-4 on white blood cells
and VCAM-1 expressed on endothelial cells enables peripheral
immune cells to cross the blood-brain barrier and boosting
CNS inflammation as known in MS pathology (1, 31). While
NAT treatment, leukocyte extravasation especially into the CNS
is inhibited and immune cells are sequestrated in peripheral
blood (13, 21). In line with previous data, our results confirm
early increase of peripheral lymphocyte subsets in NAT treated
patients (21, 22, 24, 32, 33). Additionally we demonstrate an early
and persistent biological response of NAT treatment in different
leukocyte subsets over the entire period of 6 years evaluation.
Interestingly, pretreatment conditions could not predict the
course of leukocytes and lymphocytes after NAT start in our
cohort, baseline leukocyte and lymphocyte count was correlated
with relative but not absolute increase. Regarding lymphocyte
subsets, increase of CD8+ and CD19+ lymphocytes was most
pronounced and especially CD19+ B cells were higher than
normal level in most of the treated patients. These data were
also reported by others (24, 33). Previous observations confirmed
the relevance of VLA-4 also on B cells for the CNS recruitment
and inflammation in MS pathogenesis (34). Though selective
inhibition of VLA-4 dependent B cells may contributes to the
efficacy during NAT therapy (34). The risk of nAbs development
during NAT therapy is a well-known phenomenon and may
interfere with NAT efficacy (35). Here we demonstrate that
the typical immunological effects in the periphery are missing
in a patient with nAbs to NAT. Though, even standard blood
count can probably assist to identify insufficient impact of NAT
treatment and to consider further testing. Of course, this has to
be systematically proven in a larger cohort.
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Previous studies presented various expression levels of
VLA-4 on different lymphocyte subtypes with higher levels
on B lymphocytes than on T lymphocytes and also more
pronounced on CD8+ T cells than on CD4+ T cells (21, 32,
36). Though, the VLA-4/VCAM-1 mediated transmigration of
immune cells is differently affected among different peripheral
immune cells in NAT treated patients that lead to different
sequestration in peripheral blood. Additional to peripheral
lymphocyte sequestration due to impaired transmigration
mechanisms, effects on the lymphocyte release from bone
marrow are discussed (11, 12, 14, 16). Different studies presented
mobilization of hematopoietic lymphoid precursor cells from the
bone marrow by NATmediated blocking of retention signals (11,
12, 14). In the line with this, an increase in erythroblasts was seen
as well in our cohort. This mobilization additionally contributes
to increase of circulating B cells especially with naïve andmemory
phenotype in NAT treated patients (16). Furthermore, NAT-
associated but not clinically relevant morphologic changes in
lymphocytes have been described defined by enhanced fraction
of atypical lymphocytes (37, 38).

During our observation, CD4/CD8 ratio did not change
during the entire period of therapy compared to baseline. These
findings are comparable with other results of shorter evaluation
periods (24), whereas some early reports presented a decrease
in CD4/CD8 ratio suggesting increased risk of opportunistic
infections including PML in such patients (23, 39). These studies
were usually characterized by smaller samples size and shorter
period of evaluation compared to our analysis. In our cohort,
NAT lead to increase and re-distribution of peripheral immune
cell subsets, which happened early and remained constant
without relevant variation during the whole period of 6 years
evaluation. Although some immune cell subsets increased out
of reference range, no serious adverse events including severe
infections or opportunistic infections appeared, no malignancies,
or hematological abnormalities were detectable.

Additionally to T and B cell subsets, NK cells increased
early directly after NAT initiation. In comparison with other
lymphocyte subtypes, NK cells presented one of the most
pronounced increases in periphery. These data are in line with
other observations that additionally discussed a link between
increase of NK cells and response during NAT treatment (21,
24, 40, 41). Here we show, that NAT induced changes in NK
cell count persist even years after treatment initiation possible
additionally contributing to efficacy in long-term treatment.

Monocytes, eosinophils, and basophils showed a lower but
significant increase. In contrast to another study in which
monocytes steadily increased over the whole observational
period (15), in our analysis monocyte cell count increased to
a constant level already after 1 month of treatment start and
kept stable. Blocking VLA-4 by NAT leads to sequestration
of monocytes and granulocyte subsets in peripheral blood,
but does not affect migration of myeloid progenitor cells as
seen for the lymphoid progenitors described above (42). These
aspects may explain the moderate increase in monocytes
and granulocyte subsets compared to lymphocytes. No
significant changes were seen in cell count and distribution
of neutrophils. Neutrophils do not express VLA-4, therefore,

NAT does not affect its distribution (15, 43). Furthermore,
we confirmed stable hematological parameters including
erythrocyte count, hemoglobin, hematocrit, and platelet count
during longterm evaluation of NAT treatment (15). In our
evaluation, no association between the distribution of peripheral
immune cell subsets and clinical disease activity parameters
during NAT treatment could be found. The immune cell
phenotyping presented in our study is part of the routine
lab testing in our treated MS patients and is characterized
by limitations in comparison to more detailed immune cell
profiling as presented in other immune profiling studies
using e.g., high-dimensional cytometry (44). These studies are
more complex in immune cell profiling techniques but may
elucidate more details in immune cell patterns and clinical
response.

Although controlled data regarding peripheral immune cell
subsets within first years of NAT treatment are available, reports
on standard testing of serological parameters especially in long-
term evaluation are missing. Based on the known excellent safety
profile of NAT, hepatic, or kidney dysfunction is not common.
Nevertheless, frequent testing of routine lab parameters is
recommended and part of the monitoring program applied in
NAT treated patients (45). During our observation period of 6
years, there were no relevant or long lasting abnormalities in
serological testing of liver enzymes or kidney function. In general,
patients presented these parameters in physiological ranges with
rare, only transient and not clinical significant increases during
the whole period of NAT treatment. Evaluation of CRP levels
is a helpful tool to define infectious conditions. NAT therapy
does not impair variation of CRP levels as seen by other MS
treatments e.g., after alemtuzumab initiation (46, 47). In our
cohort, only few patients with transient increase of CRP levels
were found. In six out of ten patients with increased CRP
levels, a clinical relevant infection was apparent. These data are
important to demonstrate that evaluation of CRP levels maybe
a helpful tool to identify acute infections even in NAT treated
patients when changes in peripheral blood cells are a common
phenomenon.

Here, we presented real world lab data on NAT demonstrating
the consistent and safe impact of NAT on peripheral immune cell
subsets and routine lab parameters within real world conditions
and everyday clinical practice. We have already shown the
value of real world lab data for fingolimod recently (48).
Patients included in our investigation have a different clinical
profile compared to those included in randomized clinical
trials with limiting inclusion criteria allowing the assessment
of real world lab data. The broad and unselected patient
population is a great advantage of our study, which does
represent the common patient in daily clinical practice. Because
of the differences in disease duration, previous medication
use and various pre-existing conditions, they describe the
real world patient population best. Nevertheless, differences in
monitoring procedures and data collection in different centers
impact the quality and comparability of such real world data
(17). Standardized treatment protocols and monitoring tools
(e.g., the MSDS3D software approach) can assist to achieve
comparable requirements for patient care as well as data
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collection even at multiple centers and in every-day clinical
practice (18). So NAT real world data on pregnancy are
available (49). This standardized collection of real world data
and observational studies providing longitudinal information
on drug profile and different outcomes in real life are
essential to improve decision-making and optimize treatment
management.
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Background and Aim: Individuals with Parkinson’s disease (PD) and Freezing of Gait

(FOG) have impaired postural control, which relate to the severity of FOG. The aim of this

study was to analyze whether a moderate frequency resistance (RT) and balance training

(BT), respectively, are effective to diminish FOG.

Methods: This post-hoc sub-analysis of a randomized controlled training intervention

study of PD patients with and without FOG reports about results from FOG patients.

Twelve FOG patients performed RT and 8 BT (training 2x/week, 7 weeks). Testing was

performed prior and post intervention. FOG was assessed with the FOG Questionnaire

(FOGQ) and with the FOG score of a FOG provoking walking course. Balance

performance was evaluated with the Fullerton Advanced Balance (FAB) scale. Tests were

conducted by raters blinded to group allocation and assessment time point (only FOG

score and FAB scale).

Results: For the FOGQ and FOG score, no significant differences were found within

and between the two training groups (p > 0.05) and effect sizes for the improvements

were small (r < 0.1). Groups did not significantly improve in the FAB scale. FOG score

changes and FAB scale changes within the RT group showed a trend toward significant

negative correlation (Rho = −0.553, p = 0.098).

Conclusions: Moderate frequency RT and BT was not effective in reducing FOG

in this pilot study. The trend toward negative correlation between changes in FOG

score and FAB scale suggests an interaction between balance (improvement) and

FOG (improvement). Future studies should include larger samples and high frequency

interventions to investigate the role of training balance performance to reduce the severity

of FOG.

Keywords: freezing, postural control, balance, Parkinson’s disease, exercise, training

INTRODUCTION

Freezing of gait (FOG) in Parkinson’s disease (PD) is a disabling symptom which is defined as the
“brief, episodic absence ormarked reduction of forward progression of the feet despite the intention
to walk” (1). It has been shown that FOG-specific training interventions, such as cueing, can reduce
FOG (2–4). It is however unclear whether non-FOG-specific exercises which target FOG-related
deficits also alleviate FOG.
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Individuals with PD with FOG (PD + FOG) have postural
control deficits (5, 6) and the severity of FOG relates to the
degree of postural instability (5). Recently it has been shown
that PD+FOG have smaller anticipatory postural adjustments
(APAs) when preparing for step initiation compared to patients
without FOG (PD-FOG) and that the size of medio-lateral
APAs was positively correlated with FOG severity (7). It has
been suggested that reducing the size of APA might be a
compensatory strategy addressing postural control deficits (7).
Further, Plotnik et al. (8) proposed that FOG might be a result
of multiple with FOG associated motor impairments such as
dynamic postural control, gait asymmetry, and gait variability.
According to this framework, FOG might occur if enough of
these features deteriorate. It is unclear, whether an improvement
of postural control as one of these FOG related features might
diminish FOG.

In a recent study we compared resistance training (RT) with
balance training (BT) to improve postural control in PD and we
showed that RT was beneficial to improve balance performance.
This sub-analysis has two aims: first, to test whether RT or BT is
effective to reduce the severity of FOG and second, whether an
improvement in FOG is related to improved postural control.

MATERIALS AND METHODS

This study is a sub-analysis (only PD + FOG, N = 20) of a
randomized controlled trial that investigated the efficacy of RT
vs. BT to improve postural control in PD (N = 40) (9).

Participants
Inclusion criteria were the diagnosis of idiopathic PD as defined
by the UK Brain Bank criteria, FOG based on the FOG
Questionnaire (10) (FOGQ) (item 3 > 0) and postural instability
[Fullerton Advanced Balance (FAB) scale <26 points (11)].
Details about the exclusion criteria are reported in Schlenstedt
et al. (9). Individuals had to be on stable medication during the
training and assessment periods.

This study was carried out in accordance with the
recommendations of Ethik-Kommission, Universitätsklinikum
Schleswig-Holstein, Campus Kiel, Arnold-Heller-Straße 3, 24105
Kiel, Germany, with written informed consent from all subjects.
All subjects gave written informed consent in accordance with
the Declaration of Helsinki. The protocol was approved by the
Ethik-Kommission, Universitätsklinikum Schleswig-Holstein,
Campus Kiel, Arnold-Heller-Straße 3, 24105 Kiel, Germany.

Randomization and Intervention
Participants were randomized into either RT or BT (7 weeks,
2x/week, 60min per session) within the original study. There
was no stratification for FOG in the original randomization.
Training was conducted in groups of 4–5 people. Each session
started with a warm-up (10min) followed by either RT or BT.
In brief, RT consisted of lower limb muscle strength exercises
and participants’ own weight, cuff weights, and elasticated bands
were used as resistance. Squats, knee extensions, toe/calf raises,
hip abductions, and other exercises were performed [for details
see (9)].

BT consisted of static and dynamic postural control tasks.
Participants were asked to train their limits of stability by
leaning forward/backward/sideward. Reactive postural control
was trained by shoulder pulls. One option to reach training
progression was the inclusion of unstable surfaces on which the
participants had to stand or walk [see Schlenstedt et al. (9) for
further details about training progression].

Testing Procedure and Outcome Measures
Participants were tested 1 week prior (PRE) and 1 week post
(POST) intervention. Testing was conducted in the ON state of
medication at the same time of a day for each participant. Severity
of FOGwas assessed with the FOGQ (10) and with the FOG score
by Ziegler et al. (12). The FOGQ was conducted by an assessor
blinded to group allocation. Trials of the FOG score were video-
recorded and videos were rated by an independent rater, also
blinded to assessment time point and group allocation.

Furthermore, the following tests were included in the
analysis: FAB scale (to assess postural control) (11, 13), Unified
Parkinson’s Disease Rating Scale (UPDRS), and Mini Mental
State Examination.

Statistical Analysis
Demographic and baseline differences between groups were
analyzed with a Mann-Whitney-U-Test (except for gender: Chi-
Square Test). As data were not normally distributed, non-
parametric tests were used. A Wilcoxon-Signed-Rank-Test was
conducted to analyze the changes from PRE to POST within one
group. To compare the different training types, the differences
from PRE to POST were calculated and the magnitude of change
were compared between the two groups were analyzed with
using the Mann-Whitney-U-Test. Effect sizes were calculated
(r= z-score/(n)∧1/2). We considered effect sizes to be small with
0.1 < r < 0.3, medium with 0.3 < r < 0.5 and large with r > 0.5
(14). The magnitude of change in FOG severity was correlated
[Spearman’s rank correlation coefficient [Rho] with the change

TABLE 1 | Participant characteristics.

Variable Resistance training

(n = 12)

Balance training

(n = 8)

p-value*

Age (y) 78.3 (5.8) 81.4 (7.3) 0.41

Gender (M/F) 9/3 6/2 1.00

BMI (kg/m²) 27.3 (6.5) 24.5 (3.5) 0.34

Disease duration (y) 11.2 (6.6) 8.4 (7.3) 0.38

HandY stage 2.8 (0.3) 2.9 (0.5) 1.00

UPDRS 43.2 (13.2) 45.8 (9.8) 0.51

UPDRS III 24.3 (10.0) 25.8 (5.7) 0.61

FAB scale 21.1 (4.7) 22.4 (5.2) 0.61

MMSE 27.4 (3.7) 26.2 (4.0) 0.44

LEDD 765 (448) 652 (286) 0.46

FOGQ 12.5 (4.5) 15.3 (3.1) 0.22

FOG score 6.6 (7.2) 5.9 (4.4) 0.92

Values represent mean (SD) or number. *p-value of Mann-Whitney-U-Test (and Chi-

Square-Test for Gender).
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TABLE 2 | Statistical results of the FOGQ and FOG score.

Test Group Value PRE POST Within group comparison

from PRE to POST

Between group comparison of

changes from PRE to POST

p-value* Effect size r p-value** Effect size r

FOGQ RT Mean (SD) 12.5 (4.5) 12.3 (4.8) 0.878 0.031 0.279 0.255

Median (Range) 12 (5–20) 13.5 (5–19)

BT Mean (SD) 15.3 (3.1) 17.0 (2.4) 0.136 0.430

Median (Range) 16 (10–19) 17.5 (13–19)

FOG score RT Mean (SD) 6.6 (7.2) 6.9 (9.1) 0.833 0.047 0.153 0.347

Median (Range) 5 (0–22) 3.5 (0–29)

BT Mean (SD) 5.9 (4.4) 8.7 (5.1) 0.105 0.433

Median (Range) 6 (0–12) 8 (2–15)

FAB scale RT Mean (SD) 21.1 (4.7) 23.2 (5.0) 0.245 0.336 0.534 0.139

Median (Range) 22 (10–29) 22.5 (15–34)

BT Mean (SD) 22.4 (5.2) 22.4 (5.7) 1.000 0.000

Median (Range) 23.5 (15–27) 25.5 (12–27)

*p-value of Wilcoxon Signed Rank Test. **p-value of Mann-Whitney-U Test. RT, Resistance Training; BT, Balance Training.

FIGURE 1 | (A) Results of the Freezing of Gait Questionnaire (FOGQ). (B) Results of the Freezing of Gait score; BT, Balance Training; RT, Resistance Training.

in balance performance (FAB scale). Level of significance was set
at p < 0.05. Statistical analysis was performed with R (version
1.1.442) (15).

RESULTS

Table 1 shows the participant characteristics. RT and BT groups
neither significantly differed in any demographic variable, nor
with regard to severity of FOG. Both training types had no
significant effect on FOGQ and FOG score (Table 2 and Figure 1)
(p < 0.05). The effect sizes for the slight improvements within
the RT group were small (r < 0.1) (14). Within this sample,
the groups did not improve significantly in postural control as
measured with the FAB scale (p< 0.05). Although statistically not
significant within this sample, a large effect was found within the
RT group when relating the change in balance performance (FAB
scale) with the change in FOG score (Rho = −0.553, p = 0.098).
A similar trend was found when calculating this correlation taken

both groups together (p = 0.11, Rho = −0.4). A medium effect
was found within the BT group (p = 0.426, Rho = 0.361).
Changes in FOGQ was not related to the change in FAB scale
(RT: p = 0.948; BT: p = 0.612). The exclusion of outliers did not
relevantly affect our results.

DISCUSSION

We could not show that a moderate frequency RT and BT is
effective to diminish FOG in people with PD in the present
pilot study. As FOG-specific training interventions such as
cueing did indeed show statistically significant reduction in
FOG severity (2–4), our study might indirectly supports the
hypothesis that exercises specifically designed to target FOG
might be more beneficial than non-FOG-specific interventions.
We acknowledge that our sample was small and results have to be
interpreted cautiously; however, due to the low effect sizes we do
not expect reaching significant results with this training protocol
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even with a larger sample. We rather believe that increasing the
intensity and frequency of training is required to see a relevant
effect and this has been suggested by other larger trials (16).

As FOG is related to postural control deficits (5, 6) the
idea of this project was that improved postural control might
lead to a reduction in FOG episodes. In the original study,
participants of the RT group significantly improved postural
control whereas the group of BT did not. We found a large
effect when correlating the change in balance performance with
the change in FOG severity within the RT group, indicating
that those participants who improved postural control may also
benefit with respect to FOG, supporting our hypothesis with
respect to study aim II. However, this failed to reach statistical
significance within this sample and the subgroup of participants
with FOG did not significantly improve their postural control in
this sub-analysis. This might be explained by the low training
frequency (2x/week) and by the small subsample size, as in the
original study on all participants of the RT balance performance
improved significantly (9). Thus, the impact of training balance
performance on FOG cannot clearly be answered with this
study.

The following limitations have to be mentioned: Sample size is
small and results therefore have to be interpreted cautiously. This
study did not include a non-exercise control group which would
give additional information with respect to the training effects.

Amoderate frequency RT and BTwas not effective to diminish
FOG within this small sample. This pilot study might help
designing future studies which should include larger samples
and higher training frequency to investigate the role of training
balance performance to reduce FOG occurrence in PD.
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Dermal Phospho-Alpha-Synuclein
Deposition in Patients With
Parkinson’s Disease and Mutation of
the Glucocerebrosidase Gene
Kathrin Doppler 1*†, Kathrin Brockmann 2†, Annahita Sedghi 1, Isabel Wurster 2,

Jens Volkmann 1, Wolfgang H. Oertel 3 and Claudia Sommer 1

1Department of Neurology, University Hospital Würzburg, Würzburg, Germany, 2Department of Neurology, University

Hospital Tübingen, Tubingen, Germany, 3Department of Neurology, University Hospital Marburg, Marburg, Germany

Heterozygous mutations in the glucocerebrosidase gene (GBA1) represent the most

common genetic risk factor for Parkinson’s disease (PD) and are histopathologically

associated with a widespread load of alpha-synuclein in the brain. Therefore, PD

patients with GBA1 mutations are a cohort of high interest for clinical trials on

disease-modifying therapies targeting alpha-synuclein. There is evidence that detection

of phospho-alpha-synuclein (p-syn) in dermal nerve fibers might be a biomarker for the

histopathological identification of PD patients even at premotor or very early stages of

disease. It is so far unknown whether dermal p-syn deposition can also be found in PD

patients with GBA1 mutations and may serve as a biomarker for PD in these patients.

Skin biopsies of 10 PD patients with different GBA1 mutations (six N370S, three E326K,

one L444P) were analyzed by double-immunofluorescence labeling with anti-p-syn and

anti-protein gene product 9.5 (PGP9.5, axonal marker) to detect intraaxonal p-syn

deposition. Four biopsy sites (distal, proximal leg, paravertebral Th10, and C7) per

patient were studied. P-syn was found in six patients (three N370S, three E326K). P-syn

deposition was mainly detected in autonomic nerve fibers, but also in somatosensory

fibers and was not restricted to a certain GBA1 mutation. In summary, dermal p-syn in

PD patients with GBA1 mutations seems to offer a similar distribution and frequency

as observed in patients without a known mutation. Skin biopsy may be suitable to

study p-syn deposition in these patients or even to identify premotor patients with

GBA1 mutations.

Keywords: Parkinson’s disease, glucocerebrosidase mutation, alpha-synuclein, skin biopsy, biomarker

INTRODUCTION

Pre-mortal diagnosis of Parkinson’s disease (PD) is based on its clinical presentation with tremor,
rigor, akinesia, and postural instability. Alpha-synuclein aggregates in neurons of the substantia
nigra represent the histopathological hallmark of the disease and are not only considered as
post-mortem disease marker but also offer insights into the pathogenesis of the disease.

In the last few years, focus has been set on the onset of PD-associated neurodegeneration and it
is known that the disease starts many years before the onset of motor symptoms (1). Non-motor
symptoms such as obstipation, hyposmia, depression, or rapid eye movement sleep behavior
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disorder (RBD) may occur during the prodromal phase of PD
when the patients do not show any motor symptoms but alpha-
synuclein deposition and neuronal loss can already be found in
the brain (2). Major efforts of drug development focus on the
deposition of alpha-synuclein as a probable pathogenic key event.
Clinical trials of drugs targeting alpha-synuclein deposition
require reliable identification of patients with primarily alpha-
synuclein-driven neurodegeneration who are in the prodromal
stage of the disease and in whom pre-mortem non-invasive
monitoring of alpha-synuclein deposition is possible. Within a
high-risk cohort for PD, skin biopsy might be a potential tool
to identify individuals at the earliest stages of the disease and to
monitor progression of alpha-synuclein deposition. One of such
a high-risk PD cohort are patients with RBD (3) and it has already
been shown that p-syn deposition can be found in skin biopsies
of RBD patients, rendering skin biopsy a potential biomarker for
prodromal PD (4, 5). Another risk factor for the development
of PD are glucocerebrosidase gene (GBA1) mutations that are
supposed to be found in 4–10% of all PD patients (6–8) and
increase the risk of developing PD 20-fold (8). PD patients
carrying GBA1 mutations are of special interest as a first clinical
trial with a substrate reduction inhibitor, GZ/SAR402671, has
already started in in this subgroup of PD. However, alpha-
synuclein deposition in skin biopsy has not yet been tested in PD
patients with GBA1mutations.

In the present study, we aimed to evaluate the use of skin
biopsy for the detection of p- syn in PD patients with GBA1
mutations and to evaluate potential differences of dermal p-
syn deposition in patients with GBA1 mutation associated PD
compared to results from former studies on patients with
idiopathic PD.

MATERIALS AND METHODS

Patients
Ten patients with a known GBA1 mutation were prospectively
recruited at the University Hospital Tübingen (mean age
61.7 (±8.1) years. Initially, they had been recruited for the
prospective observational MiGAP study (Markers in GBA1
associated Parkinson) funded by the DZNE (German Centre
for Neurodegenerative Diseases, Site Tuebingen)1 Out of 100
patients of the MIGAP study, we randomly selected and asked 10
PD patients to take part in the present sub-study. Diagnosis of PD
was based on the UK brain bank criteria (9). Stage of disease was
assessed using the Hoehn&Yahr scale (10), motor function was
evaluated by Unified Parkinson’s Disease Ranking Scale part III
(UPDRS-III) (11). The bradykinesia score and annual UPDRSIII
progression were calculated as previously described (12). Ten
age and gender matched healthy controls who were recruited for
former studies (5) and whose biopsy material was stored at our
department were also investigated. All patients and controls gave
oral and written informed consent to participate. The study was
approved by the Ethic’s committee of theUniversity ofWürzburg.

Abbreviations: GBA1, glucocerebrosidase gene; PD, Parkinson’s disease; RBD,

REM sleep behavior disorder; PGP9. 5, protein gene product 9.5; p-syn, phospho-

alpha-synuclein.
1https://www.dzne.de/forschung/studien/klinische-studien/migap/

Demographic data of all patients and controls and the type of
mutation are summarized in Table 1.

Skin Biopsy
Skin punch biopsies were taken from the distal and proximal
leg, back (Th10), and neck (C7), fixed with paraformaldehyde
and cryconserved until use as previously described (13).
Twenty micrometer serial cryosections were cut. Double-
immunofluorescence-labeling was performed using anti-PGP9.5
(axonal marker, Zytomed Systems, Berlin, Germany, 1:200) and
anti-p-syn (Biolegend, San Diego, CA, United States, 1:500)
and appropriate Cy3 and AlexaFluor488-conjugated secondary
antibodies (Dianova, Hamburg, Germany, 1:100/1:400).

Microscopy
Double-immunofluorescence-labeling was assessed in a blinded
manner using a fluorescence microscope with CARVII system
(Ax10, Zeiss, Oberkochen, Germany/Visitron GmbH, Puchheim,
Germany). All slides were scanned for p-syn-positive dermal
nerve fibers. Nerve fibers were identified by staining with
anti-PGP9.5 and only p-syn deposition within nerve fibers
was considered “positive.” A biopsy was assessed “positive” if
at least one dermal nerve fiber was immunoreactive for p-
syn. P-syn-positive nerve fibers were categorized as sudomotor,
vasomotor, pilomotor, or somatosensory (subepidermal plexus
or intraepidermal) according to their location. Nerve fibers that
could not be assigned to a certain skin structure were assessed
as dermal nerve bundles. P-syn deposition was quantified as the
number of skin structures that contained at least one p-syn-
positive nerve fiber.

Statistical Evaluation
Statistical analysis was calculated using SPSS Statistics 23
software (IBM, New York, United States). Two-sided Pearson’s
correlation test was used for correlation analysis. A significance
level of 5% was applied.

RESULTS

P-syn deposition was found in 6/10 PD patients with GBA1
mutations, not in any healthy control (Figure 1). P-syn-positive
nerve fibers were found in four biopsies of the distal leg, four of
the proximal leg, two of the back, and two of the neck. Autonomic
vasomotor fibers were affected in three cases, sudomotor fibers
in one patient (Figure 1C), pilomotor in two (Figure 1A), and
dermal nerve bundles in five cases. Somatosensory nerve fibers
of the subepidermal plexus were found positive in two patients,
in one of them, intraepidermal fibers were positive (Figure 1B).
P-syn-positive fibers were not restricted to a certain mutation
within GBA1 and were found in 3/6 patients with N370S
mutation, 3/3 patients with E326Kmutation, and 0/1 patient with
L444P mutation. The number of p-syn positive dermal structures
correlated with the duration of disease (p = 0.02, r = 0.71), but
not with age at assessment. Correlation analysis between p-syn-
positive structures andH&Y stage, bradykinesia score and annual
UPDRSIII progression was not significant (H&Y: p = 0.06, r =
0.61, bradykinesia score: p = 0.37, r = 0.32, annual UPDRSIII
progression: p= 0.08, r =−0.58).
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TABLE 1 | Demographic data and p-syn deposition of patients with GBA1 mutation.

Patient no. Duration of

disease (y)

H&Ystage UPDRS part

III

Annual UPDRS

III progression

Bradykinesia

score

Subtype GBA1 mut. p-syn pos

biopsy site

p-syn pos

structures

No. of positive

struct.

1 14 3 70 5 1.7 Equivalent N370S LL ves, db, ep 3

2 6 2 48 8 1.5 Equivalent N370S – 0

3 17 2 34 2 0.6 Equivalent N370S LL, Th10 subepi,

intraepi,ves, db

4

4 6 2.5 35 5.8 1.7 Equivalent N370S – 0

5 5 2 32 6.4 1.1 Equivalent N370S UL, Th10 db 2

6 1 2 10 10 0.5 Tremor

dominant

L444P – 0

7 8 3 49 6.1 2.5 Equivalent E326K UL, LL, C7 db, ves, ep 4

8 14 2 32 2.3 1.6 Equivalent E326K UL subepi 1

9 14 3 53 3.8 2.6 Equivalent E326K UL, LL, C7 db, sg 4

10 2 2 36 18 1.8 Acinetic-

rigid

N370S – 0

No., number; y, years; H&Y, Hoehn&Yahr; GBA1, glucocerebrosidase gene; p-syn, phospho-alpha-synuclein; pos, positive; struct., structures; LL, lower leg; UL, upper leg; ves, vessel;

db, dermal nerve bundle; ep, erector pilorum muscle; subepi, subepidermal; intraepi, intraepidermal; sg, sweat gland; UPDRS, Unified Parkinson Disease Rating Scale.

FIGURE 1 | Photomicrographs of a double-immunofluorescence staining with anti-p-syn (red) and anti-PGP9.5 (green). Cell nuclei are stained with DAPI (blue). P-syn

deposition is detectable in pilomotor fibers (A), intraepidermal fibers (B) and sudomotor fibers (C) of patients with GBA1 mutation-associated PD. Scale Bar = 10 µm.

DISCUSSION

Here, we report p-syn deposition in dermal nerve fibers of PD
patients carrying a mutation in GBA1.

The frequency of 60% in our study is comparable with former
skin biopsy studies in idiopathic PD using similar protocols
(5, 13, 14). Predominant autonomic involvement with vasomotor
fibers as the mostly affected fibers is also in line with previous
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studies (13, 15). Our results indicate that dermal p-syn pathology
of patients with GBA1 mutations does not differ from idiopathic
PD. This corresponds to findings from brain autopsy studies
that also did not show a clear difference except for some studies
describing more extensive diffuse cortical Lewy bodies (6, 16)
that could not be confirmed by others (17, 18). Dermal p-syn
deposition was not restricted to a certain mutation and was also
found in patients with the E326K mutation which is considered
a rather “mild” mutation (19). Our results indicate that clinical
and neuropathological similarity between patients with GBA1
mutations and without can be extended to the PNS, rendering
skin biopsy a pre-mortem tool to investigate p-syn pathology in
this patient group.

In recent studies no correlation between p-syn deposition and
stage or duration of disease could be determined for PD (13, 15).
Only in RBD, a potential prodromal stage of PD, a correlation
between dermal p-syn and disease progression markers could
be found, indicating a steady-state of dermal p-syn deposition
during motor stages of disease. In the present study, p-syn
positive structures correlated with duration of disease. Thismight
indicate progressive p-syn deposition during the course of disease
in patients with GBA1 mutations. This is of special interest as
this subgroup of PD patients was shown to present a more rapid
disease progression (20). The frequency of p-syn deposition in
early or even prodromal stages of GBA1 associated PD needs to
be investigated in future studies.

The exact underlying pathomechanism of p-syn deposition
in patients with GBA1 mutations is still unclear, but there is
evidence that impaired lysosomal function and endoplasmatic
reticulum stress play a role (21) and that accumulation of alpha
synuclein is promoted by glucocerebrosidase deficiency (22).

Involvement of dermal nerve fibers in p-syn pathology in GBA1
mutation associated PD provides the opportunity for the use
of skin biopsy as a pre-mortem easily accessible tissue for the
investigation of p-syn pathology in this subgroup of PD.

In summary, this pilot study gives evidence that dermal
nerve fibers are affected by p-syn pathology in PD with GBA1
mutations. A major limitation is the small sample size that does
not allow a clear conclusion on the frequency and distribution
of p-syn deposition in this subgroup compared to idiopathic
PD. Detection of p-syn in skin biopsies of GBA1-associated PD
is a basic prerequisite for future studies on prodromal GBA1-
associated PD.
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Background: Cerebrospinal fluid (CSF) markers of disease in patients with radiologically

isolated syndrome (RIS) are the subject of intense investigation, because they have the

potential to enhance our understanding of the natural disease course and provide insights

into similarities and differences between RIS and other multiple sclerosis (MS) disease

identities.

Methods: Here we compared neurofilament light chain (NFL) and progranulin (PGRN)

levels in the CSF in RIS patients with levels in patients with different subtypes of MS and

healthy controls (HC) using Kruskal–Wallis one-way analysis of variance.

Results: Median CSF NFL concentrations in RIS patients did not differ to those in

HC and clinically isolated syndrome (CIS) patients, but were significantly lower than in

relapsing remitting (RRMS) and primary progressive (PPMS) MS patients. In contrast, RIS

patients exhibited higher median CSF PGRN levels than HC and showed no significant

differences compared with CIS, RRMS, and PPMS cases.

Conclusion: We postulate that elevated PGRN values in the CSF of RIS patients might

indicate inflammatory and repair activity prior to axonal disintegration.

Keywords: multiple sclerosis, radiologically isolated syndrome, cerebrospinal fluid, neurofilament light chain,

progranulin

INTRODUCTION

Widespread routine clinical implementation of magnetic resonance imaging (MRI) leads to
incidental detection of MRI abnormalities suggestive of multiple sclerosis (MS) in patients
undergoing cerebral MRI due to non-specific neurological symptoms (e.g., headache, dizziness)
(1). Among these patients, a considerable number, mainly young men, develop radiological and
clinical progression to relapsing (RRMS) or primary progressive (PPMS) forms of MS within 5
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years (2, 3). This observation led to the establishment of the
definition of the radiologically isolated syndrome (RIS) (4) as
a probable preclinical variant of MS (5, 6). Additionally, a
fraction of these patients exhibit oligoclonal bands (OCBs) in the
cerebrospinal fluid (CSF), similar to those found in patients with
a clinically isolated syndrome (CIS) (7).

Because early disease-modifying treatment (DMT) could
delay the conversion from CIS to clinical MS (8), and repeated
MRI examinations have led to early identification of progression
to MS from CIS, with the offer of more powerful therapies, the
question arises as to whether RIS patients could profit from these
procedures as well. To address this question, the understanding
of pro- and anti-inflammatory activity, repair mechanisms, and
axonal loss, in the absence of noticeable clinical events, needs
to be expanded to estimate the clinical relevance of incidentally
diagnosed MRI lesions.

We consider CSF progranulin (PGRN) and neurofilament
light chain (NFL) to serve as in vivo measures of inflammatory
activity, tissue repair and neuroaxonal damage. In short, in the
central nervous system, PGRN is mainly expressed in neurons
and microglia (9). Considering anti-inflammatory and repair
activity, progranulin (PRGN) has been identified as a molecule,
which could regulate inflammation after axonal injury in the
context of MS-associated relapses and continuous inflammation
in progressive forms of MS by overexpression in activated
microglia (10).

Neurofilaments are structural constituents of the neuroaxonal
cytoskeleton and integral components of synapses; they are
essential for axonal growth, transport, and signaling pathways
(11, 12). White matter and cortical injury is related to elevated
CSF NFL that represents a downstream effect of neuroaxonal loss
(13), and CSF NFL increase has been found in early MS disease
stages with axonal injury as well (14).

In the current study, we assessed the concentrations of CSF
PGRN and NFL in RIS patients as potential markers of early
repair mechanisms/inflammation and axonal loss, to compare
them with the CSF PGRN and NFL concentrations in controls
and patients at different MS disease stages and with different MS
subtypes.

METHODS

Patients, Controls, and Clinical
Assessment
Our cross-sectional study included n = 23 RIS patients,
diagnosed according to the criteria proposed by Okuda et al.
(4) and MAGNIMS (15), and n = 15 CIS, n = 15 RRMS and
n = 26 PPMS patients, diagnosed according to the McDonald
criteria (2010) (16). All patients were recruited retrospectively
at the Department of Neurology, Otto-von-Guericke University
Magdeburg, Germany, between 2012 and 2017. Due to the
retrospective character of the study, written informant consent
was not obtained, but all analyses were taken from diagnostic
procedures in clinical routine.

All patients underwent a lumbar puncture (LP) and their
clinical disability was assessed applying the Expanded Disability T
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FIGURE 1 | Neurofilament light (NFL) and Progranulin (PGRN) in cerebrospinal fluid (CSF). CIS, clinically isolated syndrome; HC, healthy controls; PPMS, primary

progressive multiple sclerosis; RIS, radiologically isolated syndrome; RRMS, relapsing remitting multiple sclerosis. Boxes indicate the interquartile range, bars indicates

median CSF-NFL/PGRN values, and Whiskers present the 95% Cl. Group comparisons were conducted using a Kruskal–Wallis one way analysis of variance with

post-hoc Dunn–Bonferroni-testing. P < 0.05 were deemed to be statistically significant. RIS, CIS, RRMS, and PPMS showed higher CSF PGRN values than HC, while

PPMS and RRMS also differed in contrast to RIS cases. RJS, CIS, RRMS, and PPMS showed higher CSF PGRN values than HC. *P < 0.005; **P < 0.001.

Status Scale (EDSS) (17). Reasons for performing a MRI
examination in RIS patients were non-specific complaints
including headache (n = 7 [30%]), non-specific dizziness (n =

5 [22%]), tinnitus (n = 3 [13%]), transitory ischemic attack (5
[22%]), back pain (n = 2 [9%]) and idiopathic peripheral facial
palsy (n = 1 [4%]). In MS patients, disease duration was defined
as time in months from symptom onset to the LP, while in RIS
cases it was defined as time from the patients’ first complaints to
the LP. CIS, RRMS and PPMS patients neither presented with
a relapse within the last 4 weeks, nor did they received any
disease-modifying treatment.

CSF was additionally acquired from a hospital-based cohort
of n = 30 healthy controls (HC). The CSF from the HC
group was obtained from individuals in whom the presence
of a neurological disorder had been suspected, but these
individuals were deemed to be healthy in retrospect and in
particular have normal cerebral MRI scans. In addition to the
clinical classification, patients included in the control group also
fulfilled the following Reiber laboratory criteria defining a non-
inflammatory CSF [<5 cells/µl,>500mg protein/ml,<2 mmol/l
lactate, no disruption of the blood/CSF barrier, no oligoclonal
bands (OCB) in the CSF, and no intrathecal immunoglobulin (Ig)
G, IgA, or IgM synthesis] (18).

The study was approved by the local ethics committee (No.
07/17).

Neuro-Imaging Investigations
Brain and spinal cord MRI scans from patients originated
from non-standardized protocols from differing MRI units and
magnetic field strengths (1.5 or 3.0 Tesla) were performed
within 6 months or after CSF measurement. All examinations
included T1- and T2-weighted spin-echo sequences with the

administration of gadolinium (Gd). Abnormalities including T1-
hypointesities, T2-hyperintesities, and Gd-enhanced T1-lesions
were initially identified by a neuroradiologist and they were
subsequently verified by a MS specialist (M.P.). Brain and
spinal cord scans of all RIS cases were reviewed to confirm the
fulfillment of dissemination in space (DIS) criteria (4).

CSF Measures
Immediately after LP, CSF cells were counted, and total
protein, albumin quotient (Qalb), and OCBs were measured. The
remaining CSF material was centrifuged at 4◦C, aliquoted, and
stored at −80◦C until PGRN and NFL analysis was performed.
PGRN and NFL levels were measured using commercially
available ELISA kits (PGRN: Human Progranulin ELISA kit,
Mediagnost, Reutlingen, Germany; NFL: UmanDiagnostics NF-
light R©, Umeå, Sweden) following the instructions provided by
the manufacturer. All samples were processed in duplicate, in
serial procedures, and the mean was taken for statistical analysis.

Statistical Analysis
Statistical analysis was conducted using SPSS 21 (IBM, Armonk,
New York, USA). Comparisons of categorical variables (e.g., sex
or OCBs) were performed using a α²-test. Moreover, a univariate
analysis of variance, including the estimated marginal means was
performed to evaluate between-subject-effects and the effect of
age, sex on PGRN and NFL. For further group comparisons of
continuous variables (e.g., age, CSF NFL, CSF PGRN, disease
duration, EDSS), a Kruskal–Wallis one-way analysis of variance
was conducted with group (HC vs. RIS vs. CIS vs. RRMS vs.
PPMS patients) as the independent variable, applying pairwise
post-hoc testing (Dunn-Bonferroni-test).
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RESULTS

Cohort Characterization and MRI
Examination
The demographics, the clinical and MRI data of the cohorts are
provided in Table 1. Median age and sex [χ2(4) = 0.07] did
not differ between SC, RIS, CIS, and RRMS patients, whereas
PPMS patients were significantly older than SC, RIS (p < 0.001,
respectively) and RRMS patients (p = 0.002). Median disease
duration was longer in PPMS compared to RIS and CIS (p <

0.001, respectively). Median EDSS at the time of LP differed
between RIS compared to RRMS and PPMS (p = 0.007; p <

0.001), as well as between CIS and PPMS (p < 0.001) and RRMS
vs. PPMS (p= 0.02).

CSF Examination
CSF cell count was significantly higher in RRMS compared with
PPMS patients and HC as well as between RIS and HC patients.
OCBs were present exclusively in the CSF of 19 (83%) RIS, 25
(96%) PPMS, and all (100%) CIS and RRMS patients (Table 2).
Univariate analysis underlined the group difference in particular,
and the absence of an effect of age and sex on PGRN and NFL
levels.

The concentration of CSF NFL was significantly higher in CIS,
RRMS, and PPMS compared to RIS and HC, while there were
no significant differences between RIS and HC (Figure 1 and
Table 2). The comparison of CSF PRGN between groups revealed
significantly higher levels in CIS, RIS, RRMS, and PPMS than
detected in HC (Figure 1 and Table 2).

DISCUSSION

Detection and characterization of early biomarkers in RIS
patients, in order to investigate whether they could reflect MS
disease courses, is an ongoing challenge. We compared the
concentrations of CSF PGRN and NFL in RIS patients with the
concentrations in healthy controls and in patients at different
disease stages and with different subtypes of treatment-naive
MS in the absence of an acute clinical relapse. Our analysis
revealed similar PGRN concentrations in RIS patients to those
found in several MS subtypes. PGRN levels were significantly
higher, on the other hand, in RIS patients than in HC, while NFL
concentrations did not differ between the RIS and HC cohorts.

To the best of our knowledge, the current study provides the
largest comparison of CSF PGRN levels in different subtypes
of MS, including RIS patients, to date. Surprisingly, while NFL
values in the CSF of RIS patients were comparable with the HC
cohort and significant lower compared with those in patients at
different MS disease stages, the RIS cohort exhibited significantly
higher concentrations of PRGN in comparison with the HC
cohort and showed similar concentrations to those found in
patients with the different MS subtypes.

Former studies have reported elevated (19) or unchanged CSF
PGRN values in MS but included patients who had experienced
an acute relapse (20). The absence of differences of CSF
PGRN thus seems to be unusual, because acute inflammation is
considered to provoke PGRN expression (19). Furthermore, it
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has been shown that disease-modifying treatment could decrease
PGRN levels (19). In order to exclude heterogeneity, we divided
the cohorts into distinct subtypes (RIS, CIS, RRMS, PPMS),
comprising only patients without an acute clinical relapse and
also without disease-modifying treatments.

The role of PGRN is currently under intense investigation,
and microglia cells have been identified as expressing and
secreting PGRN after axonal injury (21). CSF PGRN level
seems to be largely unaffected by blood PGRN concentration
and in turn potential blood-CSF barrier disruption which
underline the specificity of intrathecal produced PRGN (22). In
addition, PGRN levels correlate with the concentration of the
proinflammatory cytokine interleukin 6, which is elevated after
acute (19) and chronic axonal injury (10). However, NFL levels
were not increased in our RIS cohort, indicating that PGRN
could be secreted even before axonal injury is detectable in the
CSF via elevated NFL concentrations. This finding leads us to
speculate tentatively that PGRN may be upregulated early, at
the beginning of disease activity, and that RIS might in turn
be a prodromal stage of MS. PGRN may thus shed new light
on, clinically silent, disease-related alterations at the earliest MS
stages. In line with histological findings that inflammation is the
primary hallmark of MS and induces neuronal injury (23, 24),
we suggest that PGRN might be more sensitive to detecting
early disease-related abnormalities, also in RIS cases, in the face
of (still) normal axonal integration, as measured by NFL levels
(25).

The finding of missing NFL elevation in RIS patients is
surprising, given the early, MRI-detectable neurodegeneration
already found in the RIS cohorts (26) and the recognized
association between raised CSF NFL and GD-enhancing white
matter lesions in RIS patients (27). However, no GD-enhancing
white matter lesions were present in our RIS group, suggesting
that our cohort is more homogeneous or less severely affected,
and acute axonal loss might thus play an insignificant role and be
therefore not detectable via the elevated NFL concentrations that
are seen in relapsing and progressive MS patients (14, 28, 29).

In addition to the MRI findings resulting in a diagnosis of
RIS, we identified CSF abnormalities, e.g., OCBs in the CSF, in
almost all of our RIS patients, which is in line with previous
studies, in which OCBs were identified as independent predictors
for early conversion to MS (27, 30). Our RIS-cohort may thus be
characterized as high-risk patients (27) for conversion. However,
the prevalence of OCBs is not specific for MS (31), nor does it
mirror acute or continuous inflammatory activity (32).

Here we demonstrated significantly elevated CSF PGRN levels
in RIS and MS patients during the clinically silent or non-
relapsing phase, presumably suggesting ongoing inflammation,
while only the later disease stages revealed an increased CSF
NFL, thus mirroring axonal injury in addition. We here report
the results from a pilot study. The limitations are the relatively
small sample size and the higher mean age of PPMS patients.
Standardized MRI, in addition, might assist to improve the
evaluation of the relationship between white matter lesion
volume and CSF-PGRN in MS patients. Hence, longitudinal
studies with a larger sample size are needed to overcome these
limitations and to determine the prognostic role of PGRN in MS
and in particular in RIS patients.
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Background: Blood levels of immune markers have been proposed to discriminate

patients with Parkinson’s disease (PD) from controls. However, differences between

clinical PD subgroups regarding these markers still need to be identified.

Objective: To investigate whether clinical phenotypes can be predicted by the

assessment of immune marker profiles in the serum of PD patients.

Methods: Phenotypes of clinical PD from Tübingen, Germany (n = 145) and Toronto,

Canada (n = 90) were defined regarding clinical subtype, disease onset, severity, and

progression as well as presence of cognitive and/or autonomic dysfunction. A panel of

serum immune markers was assessed using principal component analysis (PCA) and

regression models to define the marker(s) that were associated with clinical phenotypes

after adjusting for potential confounders. Findings of both centers were compared for

validation. Further, a [18F] FEPPA-PET was performed in a group of patients with high and

low values of candidate markers for the assessment of in vivo brain microglial activation.

Results: Overall, serum immune markers did not cluster to define a

pro/anti-inflammatory profile in PCA. Out of 25 markers only IL-12p40 showed a

trend to discriminate between PD subgroups in both cohorts which could not be

replicated by [18F] FEPPA-PET.

Conclusions: Assessment of cytokines in serum does not reliably differentiate clinical

PD subtypes. Accompanying subtype-irrelevant inflammation in PD, dual activity, and
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lack of specificity of the immune markers, the complex function of microglia, probable

effects of treatment, disease stage, and progression on inflammation as well as

current technical limitations may limit the usefulness of serum immune markers for the

differentiation of subtypes.

Keywords: Parkinson’s inflammation, Parkinson subtypes, immune markers, interleukins, cytokines

INTRODUCTION

Parkinson’s disease (PD) is one the most frequent movement
disorders affecting about 2–3% of the aging population (1).
It has been estimated that the number of people with PD
will double by 2030, indicating a progressive increase in the
socio-economic burden in the near future (1). For this reason,
understanding the underlying neurodegeneration is vital and
the development of disease modifying therapies is urgently
needed.

The pathological process which eventually leads to both
a progressive loss of dopaminergic neurons of the substantia
nigra and more widespread neurodegeneration in PD has been
associated with neuronal inflammation (1, 2). It has been
shown that accumulation of extracellular alpha-synuclein (α-
syn) facilitates microglia activation, which further promotes
production of immune markers, nitric oxide, and reactive
oxygen species. It is proposed that this process may lead
to nigral cell death. Within this context, pro-inflammatory
cytokines produced by the microglia are responsible for
the activation of the neighboring inactive glial cells and
thus magnify the inflammation. In addition they attach
to surface cytokine receptors of the dopaminergic cells
and trigger apoptosis (3). This mechanism may provoke
protein misfolding and thus create a vicious cycle (1).
Evidence for inflammation has been demonstrated in PD
animal models (4) as well as in PD patients in genetic (5,
6), imaging (7), CSF (8, 9), and postmortem studies (10,
11).

PD shows considerable variability with regard to age
of onset, clinical manifestations, and disease progression
which may indicate pathophysiological heterogeneity. The
extent that inflammatory processes differ and potentially
contribute to clinical PD subtypes has not been elucidated.
Detection of a clinical PD phenotype that associates with an
inflammatory profile would be critical in terms of outlining
the contribution of the immunologic mechanisms to the
underlying pathology, understanding the diversity in issues such
as drug-response, or disease progression as well as formulating
disease modifying strategies. For this reason, we set out to
determine the clinical phenotype that correlates with the
presence or absence of an inflammatory profile by extensive
clinical phenotyping of PD patients and exploratory analysis
of inflammatory markers. The results were validated by the
assessment of a separate PD cohort and further evaluated
by assessing microglial activation in vivo using [18F] FEPPA-
PET.

MATERIALS AND METHODS

The current study has been designed as a collaborative
project between the German Center for Neurodegenerative
Diseases (DZNE), Tübingen, Germany and the University Health
Network, Toronto, Canada which was supported by the Centers
of Excellence in Neurodegeneration (CoEN) initiative.

Study Design
In this cross-sectional study, two separate prospectively assessed
cohorts of PD patients from the centers of Tübingen and Toronto
were analyzed independently. In each center, patients were
grouped according to their clinical phenotypes (see methods
below) and then compared with regard to serum inflammatory
markers in order to define a clinical PD phenotype associated
with inflammation. Then, the findings of both centers were
compared for validation. In case of an agreement between two
centers regarding the inflammatory markers that differ between
clinical phenotypes, [18F] FEPPA-PET imaging was subsequently
performed on a subset of patients to further validate the relevance
of the inflammatory marker.

The study was approved by the ethics committees of the
Medical Faculties of the University of Tübingen and the
University Health Network, Toronto. All procedures were in
accordance with the Declaration of Helsinki and a written
informed consent was obtained from all participants.

Patients and Clinical Assessments
Participants older than 40 years fulfilling the criteria for
idiopathic PD according to the UK Brain Bank Criteria were
recruited from the neurology department of University Hospital

of Tübingen, Germany, and from the Morton and Gloria
Shulman Movement Disorders Clinic of Toronto Western

Hospital, Toronto, Canada. Demographic data and detailed
PD history including disease onset and duration, medication,
presence of wearing off or motor fluctuations, and accompanying

non-motor symptoms were collected. Motor performance in

the “on” medication state and the disease severity were
assessed by the Movement Disorders Society-Unified Parkinson’s

Disease Rating Scale (MDS-UPDRS) part-III and Hoehn and

Yahr Scale (H&Y), respectively. Cognitive performance and
autonomic dysfunction were assessed using the Montreal

Cognitive Assessment (MoCa) and by Scales for Outcomes
in Parkinson’s disease—Autonomic (SCOPA-AUT), respectively.
Patients with a C-reactive protein (CRP) value above 1.0 mg/dl
were excluded from the study based on the assumption that these
individuals may have an acute infection that could influence
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TABLE 1 | Methods of comparison for PD subtypes (n for Tübingen/Toronto cohort).

Method-113 n Method-2 n Method-315 n Method-412,14 n

Young onset 31/23 Young onset and slow progression 45/31 Benign motor 37/16 Benign motor 50/35

Non-tremor dominant 44/20 Late onset and fast progression 38/17 Benign motor with

cognitive/autonomic impairment

26/22 Benign motor with cognitive

impairment

15/14

Tremor dominant 24/19 – Poor motor with

cognitive/autonomic impairment

56/12 Poor motor with cognitive

impairment

37/15

Rapid progression 32/8 – – –

the levels of the collected inflammation markers. All included
PD patients were categorized into different groups with regard
to their disease onset, severity or progression rate, autonomic,
and cognitive status. Based on the previously published cluster
analyses defining PD subtypes (12–15), four different methods
of subtype classification were constructed. Each method resulted
in 2–4 groups with each group representing a clinically
defined PD subtype (Table 1). Within these subtypes, “young
onset” was defined by an age of onset of <55 or <60
years in method 1 and 2, respectively. Motor subtyping
(tremor dominant or non-tremor dominant) of the groups
was selected by evaluating the tremor and postural instability
and gait disorder (PIGD) scores of MDS-UPDRS part-III.
Disease progression was defined by dividing the MDS-UPDRS
part-III scores by disease duration. Cognitive or autonomic
impairment were defined by Montreal Cognitive Assessment
(MoCA) score lower than 26 and Scales for Outcomes in
Parkinson’s Disease-Autonomic (SCOPA-AUT) equal to or lower
than 16, respectively. The details of the group definitions are
explained in the Supplementary Table 1.

Biomaterial Collection
The following panel of immune markers composed of pro- or
anti-inflammatory cytokines as well as neuroprotective trophic
factors were assessed from the blood samples of the PD patients:
TNF-α, TNF-β, IL-1α, IL-2, IL-3, IL-4, IL-5, IL-7, IL-8, IL-10,
IL-12p40, IL-12p70, IL-13, IL-15, IL-16, IL-18, Brain-derived
neurotrophic factor (BDNF), Epithelial Neutrophil Activating
Peptide (ENA78), granulocyte-macrophage colony-stimulating
factor (GM-CSF), lymphotactin, macrophage-derived
chemokine (MDC), macrophage inflammatory protein-1β
(MIP-1β), monocyte chemotactic protein-1 (MCP-1), stem
cell factor (SCF), thrombopoetin (TPO). In both centers,
storing and analyses of biomaterial were performed by means
of standard operating procedures using the kit components
of the multiplexed immunoassay by Myriad RBM, Austin,
TX, USA. Blood samples of Toronto were obtained according
to the protocol and were sent frozen to Tübingen for the
analyses. The Tübingen samples were also frozen before
the analysis in order to allow the comparability. Analysis of
the serum inflammatory marker levels was performed using
the Luminex 100/200 instrument and data were interpreted
using the software developed and provided by Myriad RBM.
Details of the serum inflammatory marker analysis are given
elsewhere (16).

[18F] FEPPA-PET Imaging
Assessment of the in vivo brain microglial activation using a
[18F] FEPPA-PET imaging was planned as a further validation
step given that immune markers that discriminate PD groups
were detected in both cohorts. A subgroup of patients from
the Toronto cohort that underwent [18F] FEPPA-PET to assess
microglial activation were categorized according to values of
the cytokines of interest being lower or higher than the 50th
percentile of the entire group undergoing PET imaging. [18F]
FEPPA-PET images were preprocessed and region of interests
(ROI) were automatically generated using in-house software,
ROMI (17). In brief, ROMI fits a standard template of ROIs to
an individual proton density (PD)-weighted MR image based on
the probability of white matter, gray matter, and cerebrospinal
fluid. The individual MR images were then co-registered to each
summed [18F] FEPPA-PET image using the normalized mutual
information algorithm so that individual refined ROI template
can be transferred to the PET image space to generate the
time activity curve for each ROI. Our a priori ROIs included
cortical as well as subcortical brain regions such as frontal
and temporal lobes, cingulate cortex, occipital lobe, insula,
cerebellum, thalamus, and striatum. Total distribution volume
(VT), of the radioligand concentration in the ROI was measured
taking into consideration rs6791 polymorphism binding affinity.
The effect of age on the tissue volume was taken into account
by partial volume effect correction (PVEC) method. PET scans
were obtained with a high resolution PET/CT, Siemens-Biograph
HiRez XVI (Siemens Molecular Imaging, Knoxville, TN, U.S.A.).

Statistics
The collected serum inflammatory markers were compared
between the groups of eachmethod with an exploratory approach
in both cohorts. Statistical analyses were designed in two steps.
First, a principal component analysis (PCA) was performed in
the Tübingen (main) cohort with a bigger sample size to identify
the cytokines that form a pro- or anti-inflammatory immune
profile (factor) that could discriminate groups of PD. As the data
could not be reduced to factors which convincingly represent
the marker profiles (see results), binomial (for Method-2) and
multinomial logistic regression analyses (For Methods-1,3, and
4) were performed for each immune marker in the Tübingen
and the Toronto cohort in order to explore the predictive effect
of an individual immune marker. Subtype was defined as the
dependent variable, and the immune marker as the predictor
variable with age, sex, disease duration or levodopa equivalent
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TABLE 2 | Demographic characteristics of both cohorts.

Tübingen (n = 145) Toronto (n = 90)

Age [years], mean (SD) 67 (9) 62 (9)

Male sex [%] 66 70

Disease duration [years], mean (SD) 6.5 (4.0) 7.7 (4.5)

H&Y Stage (0-5), mean 2.3 1.8

LEDD [mg/day], mean (SD) 626 (407) 539 (482)

MDS-UPDRS part-III, mean (SD) 28.4 (12.5) 21.1 (10.3)

MoCA, mean (SD) 26 (3.3) 26.1 (2.6)

SCOPA-AUT, mean (SD) 14.3 (7.8) 13.4 (7)

H&Y, Hoehn & Yahr; LEDD, Levodopa equivalent daily dose, MDS-UPDRS, Movement

Disorders Society - Unified Parkinson’s Disease Rating Scale; MoCA, Montreal Cognitive

Assessment; SCOPA-AUT, Scales for Outcomes in Parkinson’s Disease - Autonomic.

daily dose (LEDD) as covariates which were added to the model
according to the group definition. For example, in Method-2,
age, and disease duration were not added to the model since the
groups were defined according to these variables. Some cytokines
were dichotomized at the median value when the data did not fit
into the regression model.

As 13 group comparisons were performed for each immune
marker (6 group comparisons for method-1, one for 2, and
three for method-3 and 4), alpha value was corrected as p <

0.05/13 = 0.0038 for each cytokine (18). A trend in the data
was defined as p < 0.05. The results from both cohorts were
compared in order to see whether the effect from the Tübingen
cohort (main cohort with a larger sample size) was verified by
the second (Toronto) cohort. Inclusion of a second cohort in the
study for the confirmation of the results was performed to reduce
the risk of type-1 error, and only significant results from both
centers were considered definitive. For the [18F] FEPPA-PET
two-group analysis an independent samples t-test was performed
also corrected for multiple comparison. SPSS Statistics 22.0.0
(SPSS Ltd., Chicago IL) was used for statistical analyses.

RESULTS

A total of 145 PD patients from Tübingen and 90 from Toronto
were included in the analysis. 14 patients were excluded due to
elevated CRP. Demographic data are shown in Table 2. IL-12p70
and GM-CSF from Toronto, and IL-2 and lymphotactin from
both cohorts were excluded since more than 95% of patients had
cytokine levels below analytical limit.

Principal Component Analysis (PCA)
In the Tübingen cohort, a PCA was conducted on serum
inflammatory markers with oblique (related) rotation (oblimin)
and elimination of factor loadings <0.4. The Kaiser–Meyer–
Olkin measure of sampling adequacy was 0.81, verifying the
adequacy of the sample size for the analysis. Bartlett’s test
of sphericity [chi-square(253) = 2125.5, p < 0.001] indicated
that correlations between items were sufficiently large for
PCA. Six components had eigenvalues over Kaiser’s criterion
of 1 and in combination explained 67% of the variance

(Supplementary Table 2). It was found that Factor-1, which has
the highest loading (28%), included pro-inflammatory cytokines
as well as IL-13 which is an anti-inflammatory cytokine. Likewise,
Factor 5 included both pro- (IL-15) and anti-inflammatory (IL-
4, IL-10) cytokines. According to the markers that gather on
the same factors, a clear separation between pro- and anti-
inflammatory marker profiles could not be achieved with PCA
(Figure 1, Supplementary Table 2).

Logistic Regression Analyses
In the Tübingen cohort, IL-1α and IL-3 (at median), and in
Toronto cohort IL-1α, IL-12p40 (at median), IL-3 and IL-5 (as
>0) were dichotomized to better fit in the model. None of the
analyzed cytokines from either cohort reached significance (p <

0.0038) with regard to subtype membership prediction except for
BDNF in the Toronto cohort (p < 0.003), which could not be
confirmed in the Tübingen cohort. Some other cytokines showed
a tendency (p < 0.05) for group separation. In some markers, a
significant confounding effect of age or LEDD (not gender and
disease duration) was detected which was inconsistent between
cohorts. Comparison of the results in both cohorts is presented
in Supplementary Table 3.

Out of all cytokines analyzed, only IL-12p40 showed a
trend toward significance in both cohorts for distinguishing
the “Benign motor” from the “Poor motor with cognitive
impairment” group (Method-4, Supplementary Table 3). In the
Tübingen cohort, lower values of IL-12p40 were associated with
the “Poor motor with cognitive impairment” group against
“Benign motor” group independent from the effects of age, sex,
disease duration, and LEDD [Nagelkerke R2 23%, B = −3.8, p
= 0.03, Exp(B) = 0.02]. Likewise, the Toronto cohort showed
that individuals with a high IL-12p40 value were less likely to be
in the “Poor motor with cognitive impairment” group compared
to the “Benign motor” group [Nagelkerke R2=35%, B = −2.16,
p = 0.02, Exp(B) = 0.12] (Supplementary Figure 1). Details of
logistic regression results of other cytokines are given in the
Supplementary Table 4.

[18F] FEPPA-PET Imaging
A [18F] FEPPA-PET imaging from 8 regions of brain was
performed for IL12-p40, since it was the only (trend toward
an) effect that could be replicated in the second cohort.
Eighteen participants from Toronto were divided into two
groups according to the lower and upper half of IL-12p40
values. Individuals in both groups showed a mixture of clinical
phenotypes. No significant difference was detected between
individuals with high or low values of IL-12p40 regarding the
microglial activation from different regions of the brain (p >

0.10) (Figure 2). Details of the statistical analysis of brain regions
are shown in Supplementary Table 5.

DISCUSSION

In this study, we compared serum immune markers in PD
patients with different clinical subtypes in two independent
cohorts. The results show that our assessment of serum immune
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FIGURE 1 | Score plot of the component values of individual inflammatory markers in PCA.

markers, based on the current state of the art of technology, does
not sufficiently discriminate clinical subgroups of PD.

Assessing immune marker levels in blood is easily accessible,
and therefore has been frequently used to investigate the
differences between PD patients and healthy controls. Although
there are variations in study design, analysis technology, and
findings in these studies (19), peripheral levels of some immune
markers seem to be increased in PD patients indicating an
ongoing inflammatory process that may trigger or at least
accompany neurodegeneration (19). Some of these studies
additionally investigated correlations between marker levels and
several clinical characteristics such as motor worsening, disease
severity, and non-motor status (20–23). Although the results are
inconclusive, a further question was raised whether a substantial
increase in already existing inflammation may be associated
with non-motor features such as autonomic disturbances or
dementia. To date, few studies have focused on relationships
with non-motor features as the primary outcome. In a 3-
year longitudinal study, William-Gray et al. reported that a
pro-inflammatory immune marker profile predicted disease
progression and correlated with Mini-Mental State Examination
scores (24). In another study, Brockmann et al. separated PD
patients with LRRK2mutations according to the presence of non-
motor symptoms and found that some pro-inflammatory marker
levels were higher in the subgroup with a greater non-motor
burden (16).

Contrary to these results, we failed to find an association
with these disease specific features. Although some markers
showed a trend (p < 0.05), no clear finding could be extracted

from the results of both cohorts for separating subtypes. On
this basis, it can be argued that a direct or linear association
between serum marker levels and symptom profile is unlikely in
a complex disorder like PD, which is comprised of a variety of
motor, autonomic, cognitive, psychiatric, and sensory symptoms
from distinct domains with different onset and progression
rates. Besides, studies investigating immune markers in blood
samples for a relatively regional neurodegeneration of the central
nervous system have important limitations. For example, these
immune markers are not specific for neuroinflammation and
a co-existing systemic inflammation/infection should be taken
into account which was considered only in few of the studies
(22, 24). Perhaps even a subclinical infection which cannot be
easily ruled out could compromise the results. In our study,
we have excluded patients with CRP >1.0 mg/dl at least to
rule out clinically relevant infections, but we can still not be
entirely sure whether the results were biased by an unknown
systemic or regional inflammatory process. Therefore, even if an
increase in serum immune markers was detected, this increase
may not be indicative of neuroinflammation related to the CNS
pathogenesis of PD but rather another overlapping comorbidity
such as a metabolic syndrome, rheumatic disease, or another
accompanying inflammatory process (e.g., via dysphagia and
consecutive subtle pulmonary infection, via urinary symptoms
with consecutive infection) secondary to PD since these patients
are relatively prone to systemic infections (25).

Immune markers may also have both pro- and anti-
inflammatory functions according to the stage of inflammation.
Accumulating evidence shows that some of the cytokines, even
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FIGURE 2 | Graphs of partial volume effect corrected (PVEC) total distribution volume (VT ) in different brain regions in individuals with higher or lower IL-12p40 values.

the well-known pro-inflammatory cytokines such as TNF-α,
IFN-δ, or IL-6 may have a dual function (26–29), which supports
the idea that functional distinction of cytokines as pro- or anti-
inflammatory is too simplistic and may not adequately describe
the actual inflammatory landscape (30). In our study, we found a
trend for IL-12p40 to be decreased in more affected PD patients
in both cohorts. This result is in line with recent literature
about IL-12p40 in Alzheimer disease (31). Alternatively, although
IL-12p40 is primarily a pro-inflammatory marker, it can also
stimulate an immunosuppressive response when only slightly
increased (32), supporting the dual-function hypothesis. This
dual function of the cytokines may have prevented the clear
separation of factor loadings in our PCA analysis which was
also observed in William-Gray et al. (24). In both studies, the
component with a pro-inflammatory profile also included anti-
inflammatory cytokines indicating that these immune markers
act closely in a complex network and cannot be used to determine
a PD subgroup.

The levels of serum immune markers are also affected by a
variety of factors such as nutrition (33), body mass index (34),
sleep (35), smoking (36), thyroid hormone levels (37), exercise
(38, 39), drinking coffee (40, 41), frailty (42), or depression
(43, 44), and thus can be considered to be non-specific. These
factors could have contributed to the negative outcome of this

study. They may also explain the controversial literature that
exists for levels of IL-15 (45, 46), IL-6 (47–49), TNF-α (49, 50),
IL-10 (32, 51) in association with PD occurrence, TNF-α in
association with cognitive scores (20, 52), and IL-6 with UPDRS
(24, 53), cognition (20, 54), and depression scores (22, 48) in
PD patients. Similarly, results are also conflicting in Alzheimer’s
disease (55). Considering that all these factors that can hardly be
controlled, results from such studies should be interpreted with
appropriate caution.

Moreover, intrinsic factors such as treatment and disease
progression may contribute to the high variability of immune
markers. Little is known about the effect of antiparkinsonian
treatment on ongoing inflammation. Several reports have shown
that dopamine may have some effect on the immune response
(56, 57). Based on these findings, the effect of treatment on
immune markers was investigated in some studies (45, 46) or
has been taken into account by adding LEDD in the regression
model as a confounder (including our study), but not all studies
have done this (20, 52). Furthermore, over the course of the
progressive disease, the inflammation rate and therefore the
blood level of markers may vary since the inflammatory response
may modify itself due to the changes in the amount of cells
alive, receptor count, or accumulation of α-syn (58). Diversity
in the inflammatory response in different brain regions, and
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up/downregulations in mRNA expression of pro-inflammatory
markers between early and late Braak stages have been
demonstrated (59). Besides, activation of microglia by α-syn may
result in upregulation of both toxic and neuroprotective
activity of the microglia (60), further contributing to
the limitations in the interpretation of immune markers
in PD.

Limitations of the current study have to be mentioned.
Eliminating patients with a serum CRP level >1 may have
affected our results i.e., may party explain the non-significant
results. The serum levels of other positive or negative acute-phase
proteins such as procalcitonin, alpha-1 antitrypsin, albumin,
or ferritin could also have been alternatively considered for
a better detection of individuals with an acute infection.
Moreover, we have only considered age, sex, disease duration,
and LEDD as potential confounders. Other above mentioned
factors such as body mass index, exercise, sleep, smoking, anti-
inflammatory drug usage as well as potential comorbidities
such as rheumatic or cardiovascular diseases were not taken
into account. The possible distortion of results during the
transport of frozen blood samples from Toronto and the cross-
sectional study-design are also limitations. On the other hand,
comparison of the findings in two independent and prospectively
assessed cohorts, and although with a small sample, PET
imaging are the strengths of the present study. Considering
the lack of convincing associations in either cohort, and
considering the ambiguous results from previous literature, we
conclude that immune mechanisms in PD are far more complex
than previously thought. Future longitudinal studies should
include strictly designed grouping and confounder assessments

to reveal whether specific inflammatory backgrounds are

associated with and potentially account for clinical diversity
in PD.
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Introduction: Deep brain stimulation of the subthalamic nucleus (STN-DBS) ameliorates

motor function in patients with Parkinson’s disease and allows reducing dopaminergic

therapy. Beside effects on motor function STN-DBS influences many non-motor

symptoms, among which decline of verbal fluency test performance is most consistently

reported. The surgical procedure itself is the likely cause of this decline, while the influence

of the electrical stimulation is still controversial. STN-DBS also produces widespread

changes of cortical activity as visualized by quantitative EEG. The present study aims

to link an alteration in verbal fluency performance by electrical stimulation of the STN to

alterations in quantitative EEG.

Methods: Sixteen patients with STN-DBS were included. All patients had a high

density EEG recording (256 channels) while testing verbal fluency in the stimulator on/off

situation. The phonemic, semantic, alternating phonemic and semantic fluency was

tested (Regensburger Wortflüssigkeits-Test).

Results: On the group level, stimulation of STN did not alter verbal fluency performance.

EEG frequency analysis showed an increase of relative alpha2 (10–13Hz) and beta

(13–30Hz) power in the parieto-occipital region (p ≤ 0.01). On the individual level,

changes of verbal fluency induced by stimulation of the STN were disparate and

correlated inversely with delta power in the left temporal lobe (p < 0.05).

Conclusion: STN stimulation does not alter verbal fluency performance in a systematic

way at group level. However, when in individual patients an alteration of verbal fluency

performance is produced by electrical stimulation of the STN, it correlates inversely with

left temporal delta power.

Keywords: Parkinson, DBS, quantitative EEG, automated artifact removal, verbal fluency

INTRODUCTION

Deep brain stimulation of the subthalamic nucleus (STN-DBS) is widely used in advanced
Parkinson’s disease (PD) to treat motor complications. The subthalamic nucleus is the preferred
target for DBS in most cases (1). STN-DBS improves motor manifestations in the limbs, while axial
motor manifestations and language are improved variably, to a lesser extent, or not at all (2).
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As for neuropsychological performance, verbal fluency (VF)
performance is reportedly impaired by STN-DBS (3–7), while
there is less evidence for GPi-DBS causing a decline in VF (8).
The pathophysiological reason for this decline is still in debate
(8). Chouiter et al. found that lesions by stroke or tumor of the
left basal ganglia impair semantic and phonemic VF performance
(9). However, to our current knowledge there is no study showing
a direct long-term effect of precise microsurgical placement of
electrodes on neuropsychological capacity. Interestingly, in a
study by Isler et al. (10) reduction in cognitive flexibility after
microsurgical penetration of the caudate nucleus recovered after
12 months. Anatomical studies in non-human primates have
yielded evidence of a subdivision of the STN into a motor
portion, an associative portion, and a smaller limbic portion
(11, 12), while the associative portion is highly connected to
the dorsolateral prefrontal and lateral orbitofrontal cortex. STN
stimulation lessens the amount of language-related basal ganglia
output via the thalamus and thus reduces thalamo-cortical drive
(13). As striatal dysfunction is thought to induce set-shifting
deficits by way of secondary dysfunction of the prefrontal cortex
(4), this may partly account for decrease of VF after DBS. While
it has been shown that the decline of VF after STN-DBS is an
effect of the surgical procedure/perioperative activities (14), the
influence of the electrical stimulation on VF performance is still
controversial.

Both, the temporal and frontal lobes are involved in semantic
and phonemic fluency tests. The left hemisphere is generally
more important for VF than the right, and frontal lobes are more
relevant for phonemic than for semantic fluency (15, 16).

Reduction of VF performance correlates with a reduction
of median frequency or an increase of relative power in lower
frequency bands in EEG (17).

In this study we aim to characterize the STN-stimulation-
related changes in semantic, phonemic, and alternating fluency
tasks and quantitative EEG (QEEG) measures (band powers,
median frequency) in a group of PD patients. As VF is reduced
by DBS, potentially by the stimulation itself, and as changes in VF
performance are linked to frontal and temporal lobes, we expect
a reduction of VF performance in the DBS-on compared to the
DBS-off condition along with an increase of lower band power in
frontal and temporal lobes.

METHODS

Patients
Eighteen patients with STN-DBS were included. Sixteen
completed the study protocol and were included in the analysis.
Fifteen patients were right-handed and one was ambidextrous.
Subjects characteristics are shown in Table 1. All of them
underwent high-density resting-state EEG recordings (256
channels) and testing of VF in the DBS-on and DBS-off
conditions. The phonemic, semantic, alternating phonemic, and
alternating semantic fluency was evaluated RWT, Regensburger
Wortflüssigkeits-Test, 2min testing per task, no counting of
errors, (18). Median age was 68.0 (IQR 60–71), 9 males and 7
females. Median duration of education was 14 years (IQR 12–
16.5). Median years after first symptoms of PD were 12.5 (IQR
10.75–19). Patients were included 32 months (IQR 26–58) after

TABLE 1 | Subjects characteristics.

Age (years) 68.0 (59.2–71.8)

Education (years) 14 (12–16.5)

Years since diagnosis of PD (years) 12.5 (10.75–19)

Levodopa-equivalence-dose (mg) 562 (219–798)

Duration since DBS implantation (months) 32 (25.75–58.25)

Median values and lower/upper quartiles are shown.

STN-DBS operation and had a median levodopa equivalents dose
of 562 (IQR 219–798).

EEG Recording
After initial testing of VF performance, QEEGs from all patients
were initially recorded with the DBS-on. For EEG recordings a
256-channel Geodesic DC-EEG System 300 was used. Sampling
rate was set to 1,000Hz, first high pass filter to 0.01Hz.
Impedances of EEG electrodes were kept below 40 kΩ . Subjects
were seated comfortably in a reclining chair in a dimly lit, sound
attenuated and electromagnetically shielded room. They were
instructed to relax, but to stay awake and to minimize eye and
body movements. After 12min recording DBS was turned off
and QEEG was recorded for additional 12min, followed by VF
testing. As for all subjects in the study STN-DBS consisted in a
monopolar stimulation.

EEG Post-processing
DBS-stimulation generates an artifact of considerably larger
amplitude than the intrinsic brain signal recorded by EEG
(19); the latter can only be analyzed once the former has
been removed. Different methods of artifact removal have been
proposed. The method described by Sun et al. for subtracting
a reconstructed artifact is difficult to apply to real-life data
(20). Lio et al. applied a combination of low-pass filter and
a frequency-domain filter tracking outliers (21). Santillan-
Guzman et al. proposed a temporal-frequency-domain filter
(22). This method takes advantage of the known frequency
characteristics of the artifact but does not exploit the similarity
of signal shape at all of the recording electrodes due to the
effect of volume conduction. We therefore used principal-
component analysis to delete the first component, followed by
an independent component analysis. These components were
averaged using the DBS artifact as a trigger, and components
with remaining signals after averaging were eliminated. Finally a
70Hz low-pass filter (high-order, least-square filter) was applied
(Figure 1). All steps for DBS-artifact elimination were integrated
and performed in the toolbox “TAPEEG” (23), allowing fully
automated artifact removal. Visually, frequency spectra for
every patient in the ON- and OFF-condition were compared,
showing a convincing reduction/elimination of the DBS artifact
(Supplemental Figure 1).

Inverse Solution (Frequency Domain)
Using a previously published method (24), resulting EEG data
was re-referenced to average reference and bad channels were
interpolated with spherical spline method. Power spectra were
calculated from epochs of 4 s duration (spectral resolution
0.25Hz) using Welch’s method (20, 25). Source-space data was
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FIGURE 1 | Workflow of automated reduction of DBS artifacts. A high-order least-square filter, high-pass at 1Hz was applied first, followed by detection of the peaks

of the stimulator artifacts. Second, a principal-component analysis was performed. A large part of the stimulator artifact is accounted for by the first principal

component. This component was then deleted and the EEG reconstructed. Third, after an independent component analysis, all resulting components were averaged

on the previously detected peaks for identification of the components, including DBS artifacts. These components were deleted and, again, the EEG was

reconstructed. Finally, a high order least-square filter, low-pass at 70Hz, was applied.

FIGURE 2 | Results of global relative band power, comparison DBS-on vs.

DBS-off.

calculated by LORETA inverse solution for spectral data as
described by Frei et al. (26), using a vector transposition matrix
calculated with the software-package Cartool (27), based on
the MNI brain atlas (28) and without using a normalization.
The calculation was achieved using 5,011 solution points with
subsequent reduction to 78 regions of interest (ROIs) based on
the AAL atlas (29). According to previous studies by our group,
median frequency and relative power in the delta- (1–4Hz),

theta- (4–8Hz), alpha1- (8–10Hz), alpha2- (10–13Hz) and beta-
(13–30Hz) bands were calculated.

Statistics
The relative band powers, median frequencies, and results
of VF testing in the DBS-on and DBS-off conditions were
compared with paired t-tests. The changes in relative power and
VF tests were calculated (“value DBS-on” minus “value DBS-
off”) and Spearman rank correlations calculated. Due to large
intersubject power differences, relative power is the preferred
measure for group data, while due to intrasubject stability of the
EEG, absolute power is the preferred measure for longitudinal
data within subjects. Permutation was used to correct for
multiple testing and non-normal distributions of the resulting
values.

The study was carried out in accordance with the
recommendations of the Ethikkommission beider Basel (EKBB).
The protocol was approved by the EKBB. All subjects gave
written informed consent in accordance with the Declaration of
Helsinki.

RESULTS

Results of relative band power are shown in Figure 2. In the
DBS-on condition, the relative alpha2 power was higher in
parieto-occipital regions bilaterally (Figure 3, p ≤ 0.01) and the
relative beta power was higher in the left parieto-occipital region
(Figure 3, p ≤ 0.05).
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FIGURE 3 | Topographical differences in relative alpha2 and beta power: DBS-on vs. DBS-off. Results of t-tests with permutation (red = regions with p < 0.01/light

red = regions with p < 0.05/rose = regions with p < 0.1).

FIGURE 4 | Inverse correlation of changes in phonemic verbal fluency and

relative delta power. For calculation the difference of VF (VF with DBS-on minus

VF with DBS-off) and relative delta power (delta with DBS-on minus delta with

DBS-off). Results of t-tests with permutation (red = regions with p < 0.05).

Changes of relative delta power in the left temporal lobe and
the phonemic VF were inversely correlated (Figure 4, p < 0.05).

Alternating semantic fluency performance slightly decreased
after switching off stimulation, but this result is below statistical
significance. For all other VF tests, no difference between the two
conditions was found (Figure 5).

DISCUSSION

Switching off the STN-DBS did not improve VF performance
in the present study in PD patients at least 6 months after
operation. This finding accords with that of previous studies
(14, 30) and supports the hypothesis that impairment in VF tests
after operation is due to STN-DBS procedure rather than to the
electrical stimulation. In addition to the surgical microtrauma,

STN-DBS procedure includes anesthesia, changes in medication
and sometimes post-operative delirium. Especially, the reduction
of dopaminergic pharmacotherapy after the STN-DBS procedure
may be an important factor, as VF performance is known to be
ameliorated by dopaminergic drugs (31).

According to the present results, bilateral STN-DBS
stimulation increases alpha2 and beta power in posterior
regions in the resting-state EEG compared to the stimulator off
condition. High alpha2 power is linked to increased capacity
to initiate new tasks (32, 33) and probably facilitates switching

between different tasks as tested in alternating VF. Alpha
activity requires an intact thalamo-cortical loop (34), and
its increase may reflect a partial functional normalization of

this loop in the DBS-on condition, contributing to improved

motor function and VF. This concept is compatible with
the observation of a trend toward ameliorated alternating
semantic fluency in the DBS-on state and is further

supported by a previous study including 14 patients with
PD, showing a slight positive effect of stimulation in the STN
on phonemic fluency (30). However, this effect may be not

strong enough to compensate for the decline of VF after
STN-DBS procedure including a reduction of dopaminergic
drugs.

The present result of increased beta power in the DBS-on
state seems to contradict previous studies, which showed an
improvement of motor function associated with a decrease of
beta power over the sensorimotor, premotor and prefrontal
cortex during STN stimulation and movement (35). However,
in the present study the increase of beta power in the DBS-on
situation occurs in resting state EEG and, therefore, the results
are not directly comparable to studies analyzing event-related
EEG alterations. Two MEG studies recorded also in resting state
showed in contrast to the present results a decrease of beta band
activity by STN-DBS (36, 37). While recordings in the study by
Abbasi et al. took place 1 day after implantation and, therefore,
were obtained in a different situation, the study by Luoma et al.
with a latency of at least 3 months after implantation is better
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FIGURE 5 | Differences in verbal fluency: DBS-on vs. DBS-off. Percent ranks of test results, boxplots showing median, upper and lower quartiles. P–M, comparison

of phonemic fluency with “P” and “M” letters; VN–NA, comparison of semantic fluency with “Names” and “Food”; G/R–H/T, comparison of phonemic fluency with

alternating “G” and “R” and alternating “H” and “T” letters; S/F–K/B, comparison of semantic fluency with alternating “Sport” and “Fruits” and alternating “Clothes”

and “Flowers”.

comparable to our results obtained at a latency of at least 6
months.

However, the present result is in line with the observation of
a correlation between beta power in the paracentral region and
motor function as well as sensorimotor integration after L-dopa
intake (38) and with the results of a study by Cao et al. (39).
The reason for these contradictory results is currently unclear;
medication may play a role.

Changes of absolute delta power in the left temporal lobe
and the phonemic fluency on the individual level correlate
inversely. The fact that neither delta power nor phonemic fluency
changes significantly between DBS-on and DBS-off conditions
on the group level does not contradict such a correlation on the
individual level as observed here. However, according to a post-
stroke study using voxel-based volumetry phonemic fluency is a
dysfunction of the left frontal rather than the left temporal lobe
(15).

One limitation of this study is its small sample size.
Speculations can be made about the underlying mechanisms of
DBS-induced changes in brain rhythms, but no inferences can be
drawn about therapeutic language effects in individual patients.
For practical and ethical reasons, the time spent in the DBS-off
condition was limited, and this necessitated the retesting of VF
after only 12min in off-time. Although this was longer than the
3min off-time in the study by Yilmaz et al. (14), it may still not
have been long enough for the effects of DBS on VF to disappear
entirely.
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Parkinson’s disease and Essential Tremor are two of the most common movement

disorders and are still associated with high rates of misdiagnosis. Collected data

by technology-based objective measures (TOMs) has the potential to provide new

promising and highly accurate movement data for a better understanding of phenotypical

characteristics and diagnostic support. A technology-based system called Smart

Device System (SDS) is going to be implemented for multi-modal high-resolution

acceleration measurement of patients with PD or ET within a clinical setting. The

2-year prospective observational study is conducted to identify new phenotypical

biomarkers and train an Artificial Intelligence System. The SDS is going to be integrated

and tested within a 20-min assessment including smartphone-based questionnaires,

two smartwatches at both wrists and tablet-based Archimedean spirals drawing for

deeper tremor-analyses. The electronic questionnaires will cover data on medication,

family history and non-motor symptoms. In this paper, we describe the steps for this

novel technology-utilizing examination, the principal steps for data analyses and the

targeted performances of the system. Future work considers integration with Deep

Brain Stimulation, dissemination into further sites and patient’s home setting as well as

integration with further data sources as neuroimaging and biobanks. Study Registration

ID on ClinicalTrials.gov: NCT03638479.

Keywords: Parkinson’s Disease, Essential Tremor, smart wearables, artificial intelligence, neural networks

INTRODUCTION

Tremor-related diseases as Parkinson’s Disease (PD) and Essential Tremor (ET) are two of the
most common movement disorders (1). Disease classification is primarily based on clinical criteria
and remains challenging (2, 3). Smart wearables with multi-sensor technology provide a source of
objective movement monitoring allowing for greater precision in recording subtle changes unlike
current clinical rating scales in hospital routine (4, 5). A technology-based system—called Smart
Device System (SDS)—was implemented to monitor and visualize multi-modal high-resolution
data. The project is going to be conducted in close collaboration with the local departments of
Neurology and Neurosurgery and the Task Force on Technology by the International Movement
Disorder Society. Though there is an increasing number of existent mobile apps from application
stores or mature medical devices as the Parkinson’s KinetiGraphTM system, there is a low number
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of large-scale deployments to capture and analyze the monitored
data (6). More importantly, two key barriers—mentioned in
a review by the International Movement Disorder Society—
hamper integration into routine healthcare and identification of
new phenotypical characteristics (7):

- First, there is poor integration of clinically relevant motor
and non-motor phenomena. Especially, changes in tremor
characteristics in relation to provoking circumstances
(e.g., specific motor or cognitive actions) are currently
not integrated into electronic tremor analyses. The SDS
system utilizes different monitoring settings in one easy-to-
follow examination at a health care facility: (A) Movement
monitoring using two smartwatches at both patient wrists
in a pre-defined neurological examination that provokes
different tremor types. (B) Electronic questionnaires
regarding medication/drug consumption, family history and
non-motor symptoms on a smartphone. (C) Archimedean
Spirals drawn by the patient on a tablet. Each of these
three settings viewed individually already show high
potential to classify or stratify tremor-related diseases (7–9).
However, synchronization of these multimodal data (A–C)
and advanced pattern recognition analyses such as Deep
Learning would unlock a new integrative approach to boost
classification performance and to find new phenotypical
characteristics. In particular, Deep Learning methods have
recently shown high classification performance in pattern
recognition in other medical domains if a large amount of
expert-tagged training data is available (10, 11).

- Second, there is a lack of open data repositories and
data standards to share best practices of existing smart
wearable solutions. This project uses the Medical-Data-
Models Portal (MDM Portal) that has evolved to the largest
European information infrastructure for medical data models
(12). This portal will be used to harmonize and enrich
developed data models toward established data standards
and foster interoperability with other health information
systems. Moreover, active collaboration with the Neurology
Department and Task Force on Technology will align
clinical and technical key requirements with current ongoing
developments.

A 2-year prospective exploratory study is going to be conducted
in which the SDS system will be applied within a 20-min data
capture session for each included participant. The objective is
to train a Deep Neural Network that is capable of predicting
the disease entity (PD, ET, none of them) and to identify new
phenotypical characteristics based on the fully integrated and
pseudonymized study data.

MATERIALS AND EQUIPMENT

The project is planned as a 2-year prospective exploratory study
at the Movement Disorders outpatient clinic at the University
Hospital Münster. Each patient diagnosed with PD (ICD 10-GM:
G20.-) or ET (ICD-10-GM G25.0) and visiting the outpatient
clinic is going to be a potential study participant. To be

included, each patient must receive, fully understand and sign the
informed consent form. All requirements of the updated EU data
protection regulation from the start of May 2018 will be strictly
adhered to. The study design is registered on Clinicaltrial.gov
(Identifier: NCT03638479).

Figure 1 provides an overview of the SDS system and its
intended processing steps. Three Apple-basedmobile devices will
be customized for different monitoring settings. Smartwatch-
based examination takes 10-min including calibration and
putting them on both wrists. The total assessment time including
questionnaires (8min), drawing one spiral (1–2min) is 20min.

The examiner smartphone (iPhone at least Series 7)
constitutes the first step of examination and provides short
questionnaires about non-motor symptoms, family history and
medication. Two smartwatches (Series 4.0) constitute the second
step and enables high-resolution tremor capture from both
wrists in a neurological examination (see Table 1). The captured
data will be sent via Bluetooth to the smartphone. Since
only one smartwatch can be paired with one smartphone at
the same time, another smartphone is necessary to forward
data from the second smartwatch to the examiner iPhone.
The iPad Pro constitutes the final step of the assessment and
will enable drawing of Archimedean spirals after protocol-
based neurological examination. Captured data will be sent to
the examiner smartphone, from which all captured data will
be pseudonymized and securely transmitted in JSON format
into a European General Data Protection Regulation-compliant
research database. This connection to the research database
is implemented within a REST-based client-server architecture
using HTTPS as encryption. Two exemplary JSON files are
attached as Supplementary Files that show structure of the
transmitted raw data for two subject cases (one healthy subject,
one with Parkinson’s disease). The raw data from each JSON file
will then be imported into a PostgreSQL-based research database.
The overview of all data items is listed in the Table S1. All data
processing, transmission, and storage processes were approved
by the local data protection officer.

The software development for smartwatch-based and
smartphone-based data capture is already finished. Tablet-based
data capture will be included as soon as development and
tests are completed. The first 3 months of the study consist of
a setting up and testing phase, regardless of the tablet-based
component. Only then, patients will be recruited and data
capture commences and endures for 21 months. Based on a
database report of the local EMR system, we expect 120 patients
with ET and 954 patients with PD at our local site. A fixed
number of follow up visits is not planned during this study.
However, patients that will re-appear at the local site according to
the usual treatment plan will be identified as follow-up patients
to enable data analysis on disease progression.

STEPWISE PROCEDURES

The following sections describe data capture settings in detail to
provide a highly structured and reproducible data basis. Principal
steps regarding data processing, analysis and model training are
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FIGURE 1 | Overview of the Smart Device System.

listed in the Methods and Anticipated Results section and will
be subject to further refinements once the data is collected and
evaluated.

Recruitment
Each patients and his/her accompanying person (e.g., life
partner), who visit the movement disorders outpatient clinic at
the University Hospital inMünster and fulfill the aforementioned
criteria will be asked to participate in the study. In most
cases, each patient will be accompanied by a familiar person.
These companions represent age-matched healthy controls. Each
participant will be informed about the SDS system, the data
to be captured, pseudonymized, transferred and stored for data
analysis. Study inclusion starts once informed consent form has
been signed.

Data Capture and Neurological

Examination
Preceded by a literature review of tremor-related medical history,
clinical phenomenology and the new tremor classification (8, 13–
18) a series of workshops were conducted with neurologists
specialized in Movement Disorders. As a result, a set of
questionnaire items and a short technology-based examination
were designed to capture data features, which were regarded
to have highest predictive power for differential diagnoses of
ET and PD. The questionnaire items will be captured first and
are listed in Table S1. Then, neurological examination will start
with one smartwatch at each participant’s wrist, see Table 1. All
steps in this examination are illustrated in a video (19) and

the examiner initiates the next step or can repeat the current
step. Thus, the acceleration data is always labeled with the
corresponding examination step, which will provide essential
context information for training the Deep-Learning model. The
final assessment is to have the participant draw a spiral with
a provided stylus and tablet (Figure 2), starting with the right
hand and then with left hand. All components of the SDS-
system (smartphone, smartwatches, and tablet) will only capture,
pseudonymize, and submit data to a research database for Deep
Learning. No components of the system will apply any analyses
that intends to confirm or change any routine diagnostic or
therapeutic procedures. Instead, all advanced data analyses will
be conducted subsequently on the pseudonymized data at the
research database server and none of analyses results will be sent
back to the patient-level.

METHODS AND ANTICIPATED RESULTS

Acceleration data by the smartwatches will be analyzed with
signal processing methods (including Fast Fourier Transform
and band-pass filters) to infer average tremor amplitude and
frequency in each examination section. Figure 3 illustrates a
number of readily implemented graphical user interfaces and
functioning initial results analyses.

Data captured by spiral drawing will be processed for
angular feature detection, direction inversion and pattern
deviation from ideal spiral according to Zham et al. (8).
The sum of all captured and processed data will train a
neural network model to predict the diagnosis label (PD, ET,
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TABLE 1 | Smartwatch-based steps of neurological examination.

Step Duration (s) Description

1a 20 Rest tremor. Participant is seated in resting

position, standardized to Zhang et al. (9)

1b 20 Rest tremor and serial sevens. Participant starts

from 100, subtracts 7, and stops after five

answers.

2 10 Hold arms lifted.

3 10 Lift and extend arms according to Zhang et al. (9)

4 20 Hold 1 kg weight in every hand for 10 s. Start

with the right hand. Then, have the participant’s

arm rested again as in 1a.

5 20 Finger pointing. Participant should point with his

index fingers repetitively to examiner’s lifted hand

for 10 s. Start with participant’s right index, then

left.

6 20 Drink from glass. Have the participant grasp an

empty glass with his right hand as if he/she would

drink from it. Then repeat with his/her left hand.

7 10 Cross and extend both arms.

8 10 Bring both index fingers to each other, repeat

until time expires.

9 20 Let participant’s both index fingers tap his/her

nose. Repetitively with the right (10 s), then with

left index (10 s).

10 20 Entrainment. While holding the arms extended,

have the participant stamp with his/her right foot

according to the stamp frequency of the

examiner. Then have him/her repeat with the left

foot.

FIGURE 2 | Archimedean spiral to be drawn with a pressure-sensing stylus on

a 10.5 inch screen on an Apple iPad Touch, starting from the point in the

middle.

none of them) and identify data patterns that could represent
new biomarkers. The model will be trained applying Google
Tensor Flow-based Network architectures using Convolutional
neural networks (CNN) as they have shown highly promising
pattern recognition results in medical images (11). In addition,
long short-term memories (LSTM) networks will enable time-
series analysis to account for temporal dynamics within the
protocol-based examination and tablet-based spiral drawing.
Both core methods (CNN + LSTM) will continuously be
evaluated separately and in combination (e.g., using LSTM on
top of CNN-extracted features). Sensitivity, positive predictive
value/precision and accuracy will be calculated based on
existent diagnosis labels using nested cross-validation. Statistical

FIGURE 3 | Overview screen (left): the full examination takes approximately

20-min and starts with questionnaires and heart frequency measurement by

the smartwatch. Before hand-tremor assessment starts, smart-watch

calibration is required. Questionnaire screen (upper right): showing one item

of the PD-NMS instrument. Initial signal processing on the smartphone

(bottom right): visualization of average amplitude and frequency, raw

acceleration data during examination section 3 and frequency spectrum. The

acceleration data illustrates a simulated case of re-emergent tremor on the

time axis. FFT, Fast Fourier Transform. Data capture and analyses of

tablet-based spiral drawing is not implemented yet.

significance of classification results will be calculated by
permutation tests. Univariate and Multivariate Analyses will
be performed based on standard statistical regression analyses
(e.g., logistic regression). This is necessary, first, to continuously
and critically compare performance of Deep Learning black
boxes with classical statistical approaches and second, to get a
deeper understanding of the inter-related input features and their
predictive power to classification results.

A concrete formulation of hypotheses is limited since we did
not find any similar systems that were evaluated in studies from
which we can derive a reliable patient sample size calculation
based on statistical power analyses. Therefore, following key
performance indicators (KPI) are aimed at the end of the study
period based on classification performances in other disease
domains (11, 20):

- KPI 1: >80% of all recruited participant cases will provide
complete data as described in data capture Table S1 in the
pseudonymized research database.

- KPI 2: >90% accuracy, >90% sensitivity, >90% positive
predictive value for classifying ET and PD by the tested model
using nested cross validation.

All data items from smartwatch-based data and questionnaires
that are relevant for data analysis are specified in the standardized
Operational Data Model by the clinical data interchange
standards consortium and will be available on the MDM-Portal.
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Limitations
A proper sample size calculation was not performed, since it
cannot be inferred how many samples the model will require
to approach the targeted key performance indicators as—to
our knowledge—there was no similar model trained and tested
within this domain. However, there are basic assumptions of
machine learning principles, stating that the size of training
samples should be a multiple of the number input variables
and output classes of the model to perform reasonably well
(21). The smart-watch-based examination is the most data-
consuming procedure capturing acceleration (A) and rotation
(R) in 3 axes in 10 different examination sections at 2 different
hands. This results in approximately 2 (A+R)∗ 3 ∗ 10 ∗

2 = 120 input variables. Three output classes are modeled
(PD, ET, control: none of them or healthy). Ideally, we
require a multiple of 120 ∗ 3 training samples. Based on
the EMR report, we can expect at least 500 patients with
PD or ET at our local site, if every second will provide
consent. Additionally, most of the patients will attend the
ambulance with their spouses or partners, who will also be
asked to participate as controls. We are convinced that the
required recruitment number is approachable within the study
phase, since the data capture is non-obtrusive without any
interventional character.

In the case of reaching the targeted key performance
indicators, they should still be taken with caution. The
predictive capability will never be 100% flawless. This is
even more likely to be the case if the system is tested in
different environments with different examiners. The study
will acquire at least two different regular examiners to train
robustness for inter-examiner differences. We believe that this
work has established a straight forward and fully-documented
examination framework, that can be reproduced in other
environments. After study completion, the resulting model,
implementation code and execution description will be published
as open source and supplied with anonymized training data
samples.

INTERPRETATION OF ANTICIPATED

RESULTS

Results
Each of the three technology-driven data capture settings is
expected to show high potential to classify tremor-related
diseases. Synchronization of these multimodal data and
integrative pattern recognition analyses are expected to provide
deeper insights into tremor characteristics. All of the technical
devices used within this study have recently evolved to affordable
mass products. Coupled with highly customizable apps, some of
these devices already received FDA approval as for instance the
Kardiaband app by AliveCor, the first FDA-cleared smartwatch-
based ECG reader (22). This demonstrates the qualified use of
such smart wearables not only for fitness or wellness purposes
but also for valid medical use. A further advantage of the SDS
system—compared to commercial and proprietary systems
as the KinetiGraphTM system—is that all of its devices can be

programmed and adapted by any Apple-based App developer
through well-established Software Development kits and
therefore preventing vendor lock-in. Once our system has
reached the required level of accuracy, sensitivity and precision,
regulatory steps will be taken for medical device approval and
rollout to further sites. As a consequence, the system will not
replace but could decisively extend diagnostic processes, which
are currently suffering from high misdiagnoses rates in this
domain (2, 3).

Future Work
Deep brain stimulation (DBS) is an effective surgical treatment
option and shows significant benefit for tremor and quality
of life in patients with PD, ET, and other tremor etiologies
(23–26). Intraoperative neurophysiological and clinical testing
is important for optimal targeting of the DBS leads. Currently,
evaluation of effects and symptoms is performed by an
experienced neurologist and might be influenced by individual
perception. Methods that enable an objective evaluation of the
neurological status might help improving positioning of the
DBS leads aiming at more accurate positioning and better
results. A major challenge is to obtain medical clearance for the
aforementioned devices or to establish sensors which comply
with high regulatory requirements for intraoperative usage. In
addition, the devices might help detecting minor changes in
tremor pre- and post-operatively during the course of the disease
and facilitate adjustment of DBS systems.

Extending the hospital-based setting, continuous and
longitudinal measurement of movement and patient
questionnaire-based input will be captured to provide patient
home-based data for detailed monitoring of individual disease
courses. This feature will be implemented after this study,
because new phenotypical key characteristics from the
IMF funded phase will first need to be identified and then
captured with highest priority in the home-based setting.
Moreover, the timely relations between medication intake and
tremor effects will elucidate therapeutic effects in a long-term
setting.

Further characteristics from Neuroimaging data are going to
be identified and integrated to the research database. To elaborate
on a larger patient sample size and ongoing genetic testing
approaches of PD and ET, the need of a multi-center study and
biobanks for genome-wide association analyses will be discussed.
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In multiple sclerosis (MS), experimental and ex vivo studies indicate that pathologic

intra- and extracellular sodium accumulation may play a pivotal role in inflammatory

as well as neurodegenerative processes. Yet, in vivo assessment of sodium in the

microenvironment is hard to achieve. Here, sodium magnetic resonance imaging

(23NaMRI) with its non-invasive properties offers a unique opportunity to further elucidate

the effects of sodium disequilibrium in MS pathology in vivo in addition to regular proton

based MRI. However, unfavorable physical properties and low in vivo concentrations of

sodium ions resulting in low signal-to-noise-ratio (SNR) as well as low spatial resolution

resulting in partial volume effects limited the application of 23NaMRI. With the recent

advent of high-field MRI scanners and more sophisticated sodium MRI acquisition

techniques enabling better resolution and higher SNR, 23NaMRI revived. These studies

revealed pathologic total sodium concentrations in MS brains now even allowing for

the (partial) differentiation of intra- and extracellular sodium accumulation. Within this

review we (1) demonstrate the physical basis and imaging techniques of 23NaMRI and

(2) analyze the present and future clinical application of 23NaMRI focusing on the field of

MS thus highlighting its potential as biomarker for neuroinflammation and -degeneration.

Keywords: multiple sclerosis, magnetic resonance imaging, sodium MRI, 23Na MRI, neurodegeneration,

biomarker

SODIUM AND THE PATHOPHYSIOLOGY OF MULTIPLE
SCLEROSIS (MS)

As a widely accepted paradigm, the pathology of MS is hallmarked by inflammatory demyelination
but also neuro-axonal damage. In fact, neurodegeneration occurs already at the early stages of
the disease constituting a primary contributor to sustained or progressive disability in the longer
disease course (1, 2). On a cellular level, themaintenance of a transmembrane ion gradient resulting
in a negatively charged intracellular and positively charged extracellular space is crucial to enable
vital electrochemical signal transduction in humans. This process strongly depends on sodium:
the ion gradient is largely created and maintained by the energy consuming Na+/K+-ATPase,
leading to cellular efflux of 3 Na+ ions and influx of 2 K+ ions. Independent of its origin,
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loss of ATPase function leads to breakdown of the resting
transmembrane potential difference, intracellular sodium
accumulation, deficiency of the ATP generating mitochondrial
respiratory chain and finally to expiring signal transduction and
cell death as well as increase of the extracellular volume fraction
(3, 4).

In MS, chronically demyelinated axons are prone to
degeneration and trophic failure as consequence of an
increased energy demand. Maladaptive repair and neuro-
axonal rearrangements as well as a decreased ATP supply may
further contribute to this process. Finally, lack of energy may
lead to breakdown of the Na+/K+-ATPase as a major energy
consumer in the CNS (5). In fact, chronically demyelinated MS
lesions display a substantially reduced axonal Na+/K+-ATPase
expression (6).

Additionally, the pivotal role of pathologic sodium
accumulation in MS was previously demonstrated in
several ex vivo and in vivo studies (7). These studies point
to a compensatory redistribution or over-expression of
distinct voltage-gated Na+ channels (e. g. Nav1.2, Nav1.6) on
demyelinated axons in order to compensate for demyelination.
This is an energy demanding process that is hardly sustained in
already energy deprived axons. Thus, energy failure and toxic
sodium accumulation may initiate a vicious cycle. Consecutively,
increased intracellular sodium concentrations may provoke
reverse action of the Na+/Ca2+ exchanger and thus calcium
accumulation, which leads to activation of neurodegenerative
signaling cascades (8–11). Hence, application of therapeutic
Na+ channel blockers like amiloride, lamotrigine, phenytoin,
or carbamazepine display some neuroprotective properties in
experimental MS models (12–16). However, clinical trials with
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Na+ channel blockers in MS are few and report conflicting
results on potential neuroprotective properties, yet (17–19).

In addition, the so-called fat- and salt- (NaCl) rich “western-
diet” has recently been implicated in the etiology of MS
(20, 21). In this context, sodium reappeared in the center of
(experimental) MS studies as a mediator of pro-inflammatory
effects (21, 22). In cell culture, an excess of NaCl up to 40mM
led to enhanced pro-inflammatory Th17 cell differentiation.
In experimental autoimmune encephalomyelitis (EAE), an
animal model for MS, a high salt diet was associated with
increased disease severity mediated by enhanced levels of
pro-inflammatory Th17 cells (23). However, transfer from
experimental to clinical studies has been difficult and results of
clinical studies on the influence of sodium to MS are conflicting:
In a first study, high salt intake was partly associated with
disease activity (24). Yet, a retrospective analysis of a large
interferon-beta treated cohort with clinically isolated syndrome
(BENEFIT study) showed no relevant association of further
disease activity with blood or urine sodium levels (25). Similarly,
a study investigating MS with early onset failed to demonstrate
an association of relapse activity and the amount of dietary
salt intake (26). However, the retrospective nature of sodium
exposure analysis and the lack of standardized sodium load
quantification limit the definite validity of these studies.

In consequence of these conflicting study results and with
the advance of sodium magnetic resonance imaging (23NaMRI)
techniques, sodium MRI drew growing interest for the analysis
of pathologic sodium accumulation and its consequences in MS.
However, the history of sodium MRI application in the field
of MS is short, only comprising about a decade to date. In
addition to regular proton basedMRI, 23NaMRI with its ability to
measure brain sodium in vivo along with additional advantages
of modern imaging techniques may constitute a promising
biomarker for the influence of sodium on neurodegeneration and
-inflammation in MS and vice versa. In our review, we aim at
(1) demonstrating the physical basis and imaging techniques of
sodium MRI and at (2) analyzing previous and future clinical
applications of sodiumMRI in the field of MS.

PHYSICAL BASICS AND IMAGING
TECHNIQUES OF SODIUM MRI

Conventional MRI is based on the signal of protons (hydrogen,
H+). Protons exhibit the best properties for in vivo MRI due
to their large gyromagnetic ratio and their high abundance in
human tissues, predominantly contained in water or fat (27, 28).
Besides protons, MR imaging of other so called “X-nuclei” is
feasible in principle if they inhere a non-zero nuclear magnetic
spin moment, which requires an odd number of protons or
neutrons (29). Almost all elements of the periodic table have at
least one isotope that fulfills this requirement (30). However, the
most limiting issue for X-nuclei MRI is the signal-to-noise ratio
(SNR), which is proportional to the in vivo concentration, the
physical MR sensitivity of the nucleus and the voxel volume. For
most isotopes either the physical MR sensitivity or the in vivo
concentration is too low to achieve sufficient SNR and reasonable
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voxel volumes. Thus, only a few X-nuclei, such as oxygen (17O)
(31), fluorine (19F) (32), phosphorous (31P) (33), chlorine (35Cl)
(34), potassium (39K) (35, 36) and especially sodium (23Na)
(37–39) have been used for MR imaging so far.

Among these, Na+ exhibits the best properties for in vivoMRI
(40, 41).

Yet, 23NaMRI is challenged by low tissue sodium
concentrations and an approximately 4-fold lower gyromagnetic
ratio of sodium as compared to protons. For brain white matter,
these shortcomings result in a roughly 5.500 times lower in
vivo SNR of 23NaMRI vs. 1HMRI, if the similar acquisition
times and voxel sizes would be used (41). Furthermore, Na+

highly interacts with surrounding macromolecules resulting
in short biexponential T2 times (fast: 0.5–8ms; slow: 15–
40ms; T1 time: 30–40ms) (4, 42–45). To achieve sufficient
SNR, only images with low spatial resolution can be acquired,
which results in partial volume effects. In addition, longer
acquisition times can be used to increase SNR. These effects
limit the application of 23NaMRI. Additionally, distinction
of different sodium compartments, i.e., intra-/extracellular, is
difficult (29, 46–48).

Hence, dedicated acquisition techniques and elaborated post-
processing may help to improve 23NaMRI imaging technologies.
Above all, application of ultra-short echo-time (UTE) sequences
is the common basis of quantitative sodiumMRI (29, 49).

Additionally, 23NaMRI requires dedicated hardware, such as
an appropriate radiofrequency (RF) amplifier and RF coils. Yet,
both hardware components are not standard on routine clinical
MRI scanners (50). Optimized scanner hardware may further
improve the detection of the weak 23NaMRI signal. In detail,
special dual-tuned 23Na/1H head array coils with up to 32 multi-
channel receive arrays enable a synchronized registration of
proton and sodium images with sufficient SNR (51–53).

As reviewed elsewhere, specialized 23NaMRI acquisition
techniques, image reconstruction and post-processing
techniques further improve SNR and spatial resolution. At
the same time they reduce partial volume effects as well
as acquisition time. Such techniques comprise compressed
sensing with iterative reconstruction, sampling density weighted
apodization (SDWA), twisted projection imaging (TPI),
density-adapted 3D projection reconstruction (DA-3DPR),
multi-echo radial sequences or different trajectories, i.e., 3D
cones (29, 54–62).

In principle, sodium MR imaging is feasible at any magnetic
field strength. However, due to the physical properties of Na+,
application of at least 3 Tesla (T) field strength is warranted for
a sufficient SNR and resolution. Modern 7 or 9.4 T ultra-high
field MRI scanners further reduce the limitation of low signal
strength, resulting in higher SNR (Figure 1) or improved spatial
resolution (63). Nowadays, modern techniques enable sodium
MRI of human brain at nominal spatial resolutions of 1 × 1 ×

5 mm3 to 4 × 4 × 4 mm3 within 10–35min acquisition time
(48, 57, 64–67). Along with the development and advantages of
high-field MRI scanners, research in the field of 23NaMRI has
been prospering within the last decade without signs of any harm
to study participants (51, 66, 68, 69). Comparing 23NaMRI signal
intensities of brain tissue regions of interest (ROI) to control

tubes containing predefined liquid saline solutions (i.e., 0–
150mM) placed beside the patient’s head enables quantification
of sodium concentrations (66).

MRI total tissue sodium concentrations (TSC) are the volume-
weighted average of respective intracellular (normal: 10–15
mmol/l) and extracellular (normal: 140–150 mmol/l) sodium
compartments. Typical intracellular volume fractions are on the
order of 80% and extracellular volume fractions are around 20%
(70). This leads to a TSC of∼40 mmol/l, which is close to results
of studies directly analyzing the sodium concentration in brain
white matter (3, 4, 47, 48, 71).

While classic 23NaMRI sequences only allow for
quantification of TSC, differentiation between sodium
accumulation in extracellular and intracellular compartments
is even more interesting. Yet, the single resonance spectrum of
sodium ions limits such discrimination. Use of paramagnetic
shift reagents, which cannot pass cell membranes like anionic
complexes of dysprosium or thulium, principally enables
discrimination of intra- and extracellular sodium. Thus, MRI
may detect shift of resonance lines exclusively in the extracellular
space. However, clinical application of these compounds is not
readily feasible for CNS studies due to their inability to cross the
blood brain barrier and possible toxic effects (29, 72–74).

Instead, the application of relaxation-weighted imaging may
be better suited for human studies. Preclinical studies showed
that intracellular sodium exhibits shorter relaxation times (75).
Thus, inversion recovery imaging (IR) can be utilized to suppress
signals originating from sodium with a distinct T1 relaxation
time. This may enable a weighting of the signal toward the
intracellular compartment (29). At the same time, suppression
of the CSF sodium signal also reduces disturbing partial volume
effects when analyzing brain regions close to the CSF (71, 76–
78). Sodium MRI IR sequences with a specific suppression of
Na+ signals are comparable to the established fluid-attenuated-
inversion-recovery (FLAIR) sequence of proton based MRI.

Sodium MRI IR sequences may be also the basis for the
calculation of (pseudo) intracellular sodium concentrations and
extracellular volume fractions (79). If additional anatomical
masks from proton MRI are used, these techniques may
even discriminate between intracellular sodium of white and
gray matter (4). However, IR techniques only enable indirect
calculation of compartmental sodium concentrations and are
susceptible for confounders. In detail, the required intra-
and extracellular relaxation times need to be estimated from
preclinical studies and cannot be measured directly in humans,
which might introduce a potential bias. In addition, relaxation
times in pathologic structures are unknown and altered
relaxation times may affect quantification. In consequence, some
authors prefer the terms “pseudo-”intracellular sodium and
“pseudo-”extracellular sodium for such analyses (79).

Alternatively, the use of two or more excitation pulses
along with multiple quantum filtering (MQF; usually
triple quantum filters = TQF) may also facilitate sodium
compartment differentiation (80–82). In principle, the T2
relaxation based MQF allows for separation of different signals
from sodium ions due to their variably restricted mobility
within different compartments (81–86). However, MQF are
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FIGURE 1 | 23NaMRI at 1.5 (A), 3 (B), and 7 T (C). Similar acquisition parameters and a nominal spatial resolution of (4mm)3 were applied. SNR increases

approximately linearly with magnetic field strengths. Figure reproduced from (63) with permission of John Wiley and Sons, Journal of Magnetic Resonance Imaging.

prone to artifacts caused by field-inhomogeneity, low SNR
or long acquisition times and its indirect calculation of
sodium concentrations, similar to IR techniques (87). Recent
quantitative multicompartment-multipulse techniques aim at
exploiting differences in T1 and T2 relaxation times of different
sodium compartments. This approach may enable separation of
intracellular, extracellular and cerebrospinal fluid (CSF) signals,
but is still hampered by low SNR (67).

SODIUM MRI IN NEUROLOGICAL
DISORDERS OTHER THAN MS

First in vivo investigations using sodium MRI already stem from
the 1980’s: in an experimental model and in human investigations
of stroke, Hilal and colleagues detected temporal changes of
sodium levels over time. These studies already indicated the
potential of sodium MRI as a biomarker for brain disorders
(37, 46). However, technical restrictions limited brain sodium
imaging to the investigation of widespread cerebral lesions or
CSF (see above).

Yet, with the rapid development in scanner hardware andMRI
software, several consecutive sodiumMRI studies for stroke were
conducted confirming highly elevated TSC in acute stroke due
to estimated Na+/K+ ATPase breakdown, consecutive sodium
accumulation, hypoxic cell death and perifocal edema (88).
Furthermore, sodium MRI may represent a biomarker of viable,
but hypoxic tissue-at-risk (“penumbra”) in stroke (88–90).

In primary brain tumors like low- and high-grade glioma,
exaggerated proliferation rates lead to cellular membrane
depolarization preceding cell division. Here, 23NaMRI may
additionally be useful as a predictive biomarker for the
discrimination of therapy responsive tissue (45, 77, 91–95).

Sodium MRI analysis of neurodegenerative diseases revealed
whole-brain TSC increase in Huntington’s disease independently
of structural changes depicted by proton MRI. The caudate
nucleus exhibited the highest TSC which correlated with gray
matter atrophy and CAG repeat length (96). In addition, a small
study in Alzheimer’s disease (n = 5) reported a 7.5% brain TSC
increase with an inverse correlation to hippocampal volume (97).
Similarly, 9.4T sodium MRI of subjects with structural brain
damage revealed loss of “cell volume fraction” (CVF) indicating

a reduced CNS cell density. In contrast, individuals with a
constant CVF may represent aging patients without disease.
Hence, sodium MRI may evolve as a predictive biomarker for
neurodegenerative diseases which are often hallmarked by early
regional neuronal loss before the onset of clinical symptoms (98).

SODIUM MRI IN MULTIPLE SCLEROSIS
(MS)

Sodium MRI Alterations in Cerebral
Lesions, NAWM, and NAGM in MS
In 2010, Inglese and colleagues published the first study applying
23NaMRI in 17 relapsing-remitting MS (RRMS) patients and 13
healthy controls, using a 3D radial gradient-echo UTE sequence
at 3T (64). In MS, lesional (Figure 2) and gray-matter (GM)
TSC was increased as compared to normal appearing white
matter (NAWM). Further studies confirmed these findings (65,
99–101). As compared to healthy controls, the NAWM of MS
patients exhibited an elevated TSC (mean 19.4 vs. 26.9mM).
This increase was particularly predominant in the cerebellum
and splenium, yet without statistical significance. The normal-
appearing gray matter (NAGM) displayed even higher sodium
levels, but without any regional predominance (64). In this study,
MS lesion analysis was restricted to plaques with a diameter
>5mm due to potential partial volume effects. The mean lesion
sodium concentration was 35.3mM, clearly higher than TSC
of NAWM.

Gadolinium-enhancing acute MS lesions showed the
highest TSC. This finding may be the direct consequence of
inflammatory processes in the cell (e.g., mitochondrial failure,
ATP deprivation, sodium accumulation) and the extracellular
space (e.g., tissue damage, edema, enlarged extracellular space,
infiltrating immune cells). However, analyses only comprised
a low number of acute MS lesions and did not discriminate
between intra- and extracellular sodium compartments.
Therefore, it was not possible to determine the exact source of
lesional sodium accumulation.

A study of Eisele et al. further analyzed neuroinflammatory
aspects and studied the evolution of lesional sodium
accumulation by 23Na MRI with a 3D radial sequence and
SDWA at 3T. The authors analyzed acute and chronic lesions
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FIGURE 2 | MR images in a 33-years-old man with early RRMS. Examples of substantial sodium accumulation in two macroscopic T2 lesions with two different signal

intensity patterns at T1-weighted imaging: one lesion was hypointense (solid arrows) and one was isointense (dashed arrows) to normal-appearing white matter on

T1-weighted image. Figure reproduced from (99) with permission of the Radiological Society of North America (RSNA).

in 65 relapsing MS patients as compared to 10 controls (102).
Mean TSC was quantified in all MS lesions with a diameter
of >5mm and in the NAWM as well as GM. First, TSC in
NAWM and GM were higher in MS patients than in controls.
Second, all types of MS lesions displayed a TSC increase. The
most pronounced accumulation was seen in contrast-enhancing
T1 lesions > T1 hypointense lesions > T1 isointense lesions.
Interestingly, non-enhancing, hyperacute lesions with restricted
diffusion on proton based diffusion-weighted MRI sequences
showed a TSC comparable to the NAWM. Thus, TSC may not
only serve as a biomarker for chronic tissue pathology and
neurodegeneration, but also allow the detection and monitoring
of inflammatory processes. Thus, this study further supported the
use of TSC measured by sodium MRI as a potential biomarker
for neuroinflammation. 23Na MRI may enable visualization of
blood-brain barrier disruption without need for application of
contrast-enhancing agents.

Another study used 23NaMRI in a case report on a large open-
ring enhancing MS lesion. The authors reported intralesional
sodium heterogeneity with declining TSC from the center of the
active plaque (TSC: 50 mmol/l) across the enhanced periphery
(33 mmol/l) toward the NAWM (26 mmol/l) (103). This gradual
and centripetal TSC increase may result from the underlying
degree of inflammation and mitochondrial dysfunction within
acute MS lesions. Therefore, 23NaMRI may constitute a future
biomarker for the extent of neuroinflammation. It may even
point to inflammatory “tissue at risk” before persistent neuro-
axonal damage occurs.

Our group additionally studied 23NaMRI in a case with an
acute, enhancing tumefactive MS lesion over a follow-up of 5
weeks. Sodium accumulation outlasted contrast enhancement
after steroid treatment as a potential sign of prolonged metabolic
dysfunction and delayed recovery. At the same time, TSC in
NAWM remained unaffected by steroid therapy (104).

However, comprehensive longitudinal studies reporting
temporal evolution of sodium accumulation in acute MS lesions
are still lacking. Upon repeated sodium MRI investigations in
five healthy controls, WM and GM areas revealed a coefficient of

variation for TSC < 5% and an intra-class correlation coefficient
of > 0.9. These data indicate sufficient reproducibility of
23NaMRI as a basis for future longitudinal studies (64).

Zaaroui and colleagues used a DA-3DPR sequence for sodium
MRI at 3T to analyze 26 RRMS patients. They compared patients
with a disease duration <5 vs. >5 years to healthy controls (99).
The authors investigated TSC in three different compartments:
GM, NAWM, and T2 lesions. In T2 lesions of all MS patients,
TSC was higher than in WM of controls. In contrast, only
the RRMS cohort with advanced disease duration exhibited a
significantly increased TSC of GM and NAWM. Both MS groups
displayed a similar TSC in T2 lesions and NAWM. Yet, GM TSC
was higher in the advanced duration RRMS cohort. Nevertheless,
this study was able to detect brain sodium accumulation even
at the early stages of RRMS. When analyzing for anatomic
distribution of TSC, the same study found widespread brain
regions with elevated TSC in both MS cohorts. In advanced
RRMS, TSC increase was scattered in the splenial, thalamic,
cingular, parietal, frontal, and prefrontal cortices. A recent 7T
study further complemented these findings of a widespread
distribution of increased TSC in various MS GM and WM
regions (101).

Sodium MRI and MS Disease Course
Paling and colleagues conducted an investigation of 70MS
patients comprising three MS clinical subtypes (27 RRMS, 23
SPMS, 20 PPMS patients, and 27 controls). They applied a
ramp sampled radial UTE sequence at 3 T with additional partial
volume correction (65).

The authors analyzed TSC in cortical and deep GM, NAWM
and in MS lesions, differentiated in T1 hypo- or isointense
lesions. Independent of the disease course, MS patients exhibited
an increased TSC of GM and NAWM as compared to controls.
Additionally, deep GM and NAWM TSC were higher in the
progressive MS subtypes. SPMS patients showed pronounced
TSC in GM and NAWM as compared to RRMS. Further testing
between MS subgroups was not significant. However, TSC of T1
hypointense lesions was higher in progressive MS subtypes than
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in RRMS. In conclusion, the study revealed increased sodium
accumulation within MS lesions, NAWM and GM in all clinical
MS courses. TSC accumulation was pronounced in SPMS and
in patients with increased disability. This finding may serve as
a hint for neuro-axonal damage, thus emphasizing the potential
of 23NaMRI to provide a biomarker for neurodegeneration.

An investigation of Maarouf and colleagues included 20
progressive MS patients (11 PPMS, 9 SPMS) and 15 controls. The
authors applied a DA-3DPR sequence at 3 T analyzing TSC of
GM, NAWM and T2 lesions (100). They also found that TSC
of T2 lesions and GM were significantly elevated in progressive
forms as compared to controls. However, NAWM TSC was
not significantly elevated in both progressive forms vs. controls.
Independent of the analyzed brain tissue, no differences between
PPMS and SPMS were detected. In this study, TSC accumulated
to a higher degree in distinct brain areas of SPMS patients
than in PPMS: Above all, it involved primary or supplementary
locomotor areas consistent with the pronounced disability of
patients with a median expanded disability status scale (EDSS)
score of 5.5.

Interestingly, early sodium MRI studies and a study
performed at 9.4 T did not find relevant age-dependent changes
in TSC (64, 65, 98–100). However, a 7 T study described a
positive correlation of age with WM and GM TSC as well as
with GM intracellular sodium accumulation in healthy controls.
In contrast, a negative association of age with intracellular
sodium concentration (ISC) but not with extracellular sodium
concentration (ESC) or TSC was detected in MS patients. The
same study also showed correlations between disease duration,
WM TSC and ISC for both, GM and WM as well as between
extracellular sodium accumulation in GM and EDSS (101).

Sodium MRI and MS Disability
In the first ever conducted MS sodium MRI study, Inglese and
colleagues reported a low correlation of EDSS as a measure of
disability with themean TSC in T1-hypointense lesions (r= 0.22)
as well as in NAWM and GM (r = 0.20). However, they did not
find an association between disease duration, age or gender and
TSC in lesions, GM or NAWM of RRMS patients (64).

Zaaroui et al. described no correlation of the TSC in T2
lesions or NAWM of RRMS patients with disability as measured
by EDSS. However, GM TSC was significantly associated with
EDSS as a potential biomarker for the degree of MS disability. In
particular, the EDSS showed a positive correlation with the local
TSC of the right primarymotor area, middle frontal, and bilateral
superior gyrus as well as the bilateral cerebellum (99).

In a study including progressive forms of MS, disability was
correlated with TSC in deep GM and T1 isointense lesions. In
addition, the authors showed independent associations of deep
GM TSC with EDSS and features of the clinical assessment tool
“Multiple Sclerosis Functional Composite” (MSFC). These data
further support sodium MRI as a new method for monitoring
disability and neurodegeneration (65).

In contrast, Maarouf et al. reported no significant correlation
between TSC in T2 lesions or GM and EDSS or MSFC in their
progressive MS study. Solely, the authors found an association
between local TSC of the left premotor cortex and EDSS as well

as of the left anterior prefrontal cortex and MSFC (100). Further
brain regions of the limbic and the frontal areas displayed an
increased TSC only in SPMS. Thus, the authors concluded that in
PPMS, sodium accumulation was restricted to the motor system.
In SPMS, it was more widespread involving regions related to
higher cognitive functions.

Sodium MRI and Correlation With Markers
of Neurodegeneration
To date, brain atrophy is the “goldstandard” MRI marker. Yet,
sodium MRI may provide additional information for imaging
clinically relevant neurodegeneration (28, 105). Indeed, in the
early 2010 study of Inglese and colleagues, RRMS patients already
displayed a significantly lower normalized brain volume and GM
volume. They also showed a trend toward lower WM volume as
compared to controls.

TSC negatively associated with regional GM volume.
However, there was no correlation of TSC with whole brain
volume. TSC of NAWMdid not correlate with any brain volume.
In the respective control cohort, TSC inWM and GM showed an
inverse correlation with normalized brain volume. Furthermore,
TSC in RRMS associated with total T1 and T2 lesion
volume (64).

An additional 3 T study showed an association of TSC in
NAWM and GM with T2 lesion load. However, this study did
not analyze brain atrophy (99). Application of 7 T ultra-highfield
MRI showed no correlation of global and regional TSC, neither of
intracellular or extracellular sodium concentrations to measures
of brain volumes. In contrast, there was a trend for correlation of
extracellular sodium accumulation and GM volume (101).

In 2017, Maarouf and colleagues investigated if brain TSC
and GM atrophy were associated with cognitive dysfunction.
They analyzed 58 RRMS patients in the early course and 31
controls using DA-3DPR at 3 T (106). The TSC increase in
GM and NAWM was associated with cognitive dysfunction
and predominantly located in neocortical regions. GM TSC
even outmatched GM atrophy as a better predictor of cognitive
dysfunction in MS patients. These data further emphasize the
potential of sodium MRI for depiction of neurodegeneration,
probably even at earlier stages than the “goldstandard”
MRI brain atrophy. Hence, sodium MRI may show early
neuronal dysfunction even before final neuronal damage occurs.
Only the latter can be demonstrated by proton based MRI
techniques (106).

To gain complementary information on microstructural
pathologies, a recent analysis of 21 RRMS patients and
20 controls applied a DA-3DPR sodium MRI sequence at
3 T in combination with a proton based MR spectroscopy
(proton echo planar spectroscopic imaging, 3D 1H-EPSI).
Spectroscopy studies included N-acetyl aspartate (NAA;
marker for mitochondrial activity), glutamate/glutamine (Glx;
marker for neuro-astrocytic metabolism), total creatine (tCr;
marker for cellularity), choline (Cho; marker for inflammatory
demyelination) and myo-inositol (m-Ins; marker for glial
activation) (107). TSC was elevated in all types of brain tissue
in MS patients. MR spectroscopy revealed decreased Cho and
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Glx in GM, an increase of m-Ins but a decrease of NAA and
Glx in NAWM and an increase in m-Ins but decrease in NAA
in T2 lesions. In sum, TSC was negatively correlated with NAA
as a marker for mitochondrial dysfunction and consecutive
neuro-axonal damage. These data are consistent with findings
from experimental studies pointing to mitochondrial damage
as a consequence of toxic sodium accumulation (3, 108, 109).
However, these studies did not correct for the influence of
different sodium compartments.

Sodium MRI and Differentiation of Intra-
vs. Extracellular Sodium
In the early MS sodium MRI studies, the distinction of different
sodium compartments was not possible, mainly due to limited
MRI techniques. However, such a differentiation was regarded as
highly relevant for a better understanding of MS pathogenesis.
Yet, it remained unclear if elevated TSC was the result of rising
extracellular fluid sodium due to edema, neuro-axonal damage
or demyelination on the one hand, or the result of intracellular
sodium accumulation due to inflammatory toxicity on the other
(64, 65, 99).

The first study enabling differentiation of cellular
compartments in 19 RRMS patients and 17 controls applied
a combined single (SQ) and triple quantum filtered (TQF)
3D gradient echo 23NaMRI sequence at 7 T ultra-high
field (101). The applied TQF technique used the different
relaxation properties and signals of intracellular and extracellular
distributed sodium ions. It thus enabled measurement of TSC,
but also differentiation of the intracellular sodium concentration
(ISC) and the intracellular sodium volume fraction (ISVF). ISVF
is an indirect, inversely correlated measure of the extracellular
sodium concentration (ESC): ISVF reduction is assumed to be a
marker for a diminished intracellular volume and, accordingly,
an increase of the extracellular space and ESC. As a limitation
discussed by the authors, the applied model is based on the
assumption, that the pathology itself does not change the 23Na
relaxation times and that the TQF sequence enables a precise
and unbiased sodium compartment differentiation. However,
the quantitative accuracy of ISC measurements in MS patients
is still undefined, since there is no non-invasive “goldstandard”
that the ISC measurement can be compared to in vivo.

In accordance with previous 3 T studies, TSC of GM and MS
lesions was higher than in WM and higher in MS than in healthy
controls. ISC did not differ between the respective GM and WM
but was higher in MS patients than in controls in GM and WM.
In contrast, ISVF was lower in MS patients than in controls
and higher in WM than in GM of both groups. In conclusion,
TSC accumulation was in part depending on the growth of
the extracellular compartment as potential consequence of
axonal loss in MS. Nevertheless, it also depended on a distinct
intracellular sodium increase. These results support findings of
ex vivo and experimental studies suggesting a concomitant toxic
metabolic dysfunction due to sodium imbalance (101).

Another study aimed at elucidating (1) differences in sodium
levels between acute (= contrast enhancing) and chronic MS
lesions and (2) differences between intracellular (ISC) and total

sodium concentrations. Besides a regular DA-3DPR sequence,
the authors also employed a fluid-attenuated sodium signal at
7 T in 29MS patients (78). The applied fluid-attenuated sequence
with a relaxation-weighted sodium signal preferentially depicts
sodium ions with short relaxation times as found intracellularly.
Thus, the setting enables a weighting toward the intracellular
sodium compartment similar to previous approaches (4, 76,
77, 110). The study demonstrated that TSC and ISC were
higher in acute as compared to chronic MS lesions. Hence,
the fluid-attenuated sequence was useful to differentiate both
types of lesions. TSC was positively correlated with T1 and T2
proton based lesion signals. In contrast, ISC only correlated
with acute contrast enhancing T1 lesions. Interestingly, TSC
and ISC levels were not associated. These data further support
the additional biological significance of intracellular sodium
accumulation measured by 23NaMRI. Thus, ISC increase may
occur independently of extracellular sodium increase due to
inflammatory edema or cell loss. This observation renders ISC
a useful biomarker of metabolic neuroinflammatory processes.

In addition, this study contributed rare longitudinal sodium
MRI data. Three patients were analyzed before and after steroid
treatment indicating decrease of both sodium signals after
treatment. Besides intracellular sodium accumulation, a distinct
inflammatory hyper-cellularity may lead to elevated ISC in acute
lesions. A combination of proton (lesion detection) and sodium
(lesion differentiation) MRI may yield a neurodegenerative and
neuroinflammatory biomarker and potentially an alternative to
contrast agent application in the future (78).

Additionally, in the above mentioned case report of an acute
enhancing MS lesion with open ring sign, also ISC was analyzed.
ISC was reduced in the center of the acute lesion as compared to
the periphery and NAWM. The low central ISCmay be explained
by enhanced cellular necrosis as compared to a more viable
periphery. Thus, sodium MRI may constitute a useful biomarker
for the degree of acute neuroinflammatory damage in MS (103).

Sodium MRI and Further Fields of
Applications in MS
Since low SNR and low spatial resolution is a major issue in
sodium MRI, the incorporation of proton based anatomical
MRI data in the reconstruction process enables improved image
quality (111). A recent study described the application of an
anatomically weighted second-order total variation (AnaWeTV)
interative construction constraint in a MS patient including
anatomical weighted MRI. AnaWeTV resulted in improved
sodium MRI quality and less confounding partial volume effects,
particularly in tissues or lesions that are visible in sodium and
proton base MRI (60).

Another study was particularly engaged in the detection of
potential errors of sodium MRI. Here, partial volume effects
and spatially correlated noise artifacts impede quantification of
sodium in small MS lesions (112). Besides a sodium-phantom
analysis with given sodium concentration, sodium MRI signal
variation in small lesions of five MS patients was compared to
a computed predictive value using twisted projection imaging.
Both, theoretical and in vivo sodium measurement pointed to
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a variation error of 20% in large, and even of 40–50% in
small lesions as defined by the investigators. These data suggest
underestimation of Na+ signals especially in small lesions and
emphasize the limitations of sodium MRI despite improved
imaging techniques.

Regular proton based MRI often requires gadolinium
containing contrast agents. At the same time, several previous
studies detected distinct MRI signal alterations of the dentate
nucleus as a potential consequence of multiple gadolinium
applications. Consequently, a recent study aimed at investigation
of the dentate nucleus by sodium MRI at 3 T (113): in 12MS
patients and 6 controls, there was no difference in TSC between
both groups despite a signal-altered dentate nucleus. These
results suggest sustained tissue integrity of dentate nuclei with
gadolinium deposition.

Finally, a recent study was able to exclude relevant influences
of a preceding gadolinium application to the subsequent sodium
MRI measurement. Despite a distinct quantitative influence
of gadolinium on sodium relaxation times, this study further
emphasized the compatibility and potential of combined proton
and sodiumMRI (114).

CONCLUSIONS AND PERSPECTIVES

Within the last decade, there was increasing evidence for the
value of sodium accumulation measured by 23NaMRI as a
biomarker for neurodegeneration and -inflammation in MS.
Studies point to a widespread increase of TSC inMS as compared
to healthy populations with a pronounced increase in the GM
and in MS lesions as well as in progressive disease courses.
Furthermore, sodium accumulation partly correlated with
disability (as measured by EDSS) and brain atrophy as the proton
based MRI “goldstandard” for monitoring neurodegeneration in
MS. Moreover, the TSC increase occurs even in “unaffected”
NAWM as defined by standard proton based MRI. Thus, TSC
as measured by sodium MRI is discussed as an early biomarker
of neurodegenerative changes in MS brains.

The value of 23NaMRI as a potential tool for monitoring of
neuroinflammation has mainly been restricted to lesional TSC
measurements. These studies consistently showed highest TSC
in acute contrast-enhancing lesions as compared to NAWM.
To date, the investigation of intra- vs. extracellular sodium
accumulation in inflammatory lesions is limited to case reports
or studies including very few MS patients.

Moreover, the analysis of acute MS lesions still necessitates a
large lesion size of roughly >5mm to minimize partial volume
effects. Furthermore, large longitudinal studies to examine the
temporal evolution of the sodium content in MS lesions and
the correlation to conventional markers of inflammation are
still lacking. Meanwhile, novel imaging techniques allowing for
discrimination of tissue compartments are in part capable to
delineate increased extracellular sodium. These studies analyze
the expanded extracellular space as consequence of neuro-axonal
damage or inflammatory edema caused by increased intracellular
sodium due to intraneuronal/-axonal sodium accumulation with
its consecutive toxic intracellular signal cascades (4, 67, 78,

101). Preceding findings indicate that ISC in MS are elevated
in different brain regions as compared to healthy controls.
However, TSC accumulation in MS was shown to depend on
both, ESC and ISC increase. These findings suggest an expanded
extracellular compartment i.e., due to axonal loss in MS on
the one hand, but also on a distinct intracellular accumulation
on the other. However, the precise differentiation of intra- vs.
extracellular sodium via 23NaMRI is still limited. In particular,
a mutual influence of intra- and extracellular spaces on each
other cannot be definitely excluded. Progress in the development
of respective imaging techniques will enable a more detailed
insight in the diverse origin and effects of intra- vs. extracellular
sodium accumulation.

Despite all progress, sodium MRI still has to overcome
several limitations: initial studies displayed huge range
of TSC quantification of more than 40mM, mainly due
to different scanner hardware, acquisition protocols or
quantification models. Novel sodium imaging techniques
improved the quantification range to roughly 10mM but
still may vary significantly (39). Thus, comparability of
results from different study groups is complicated. Using the
intraventricular CSF sodium signal as an intra-individual
reference signal for quantification of sodium concentrations
was recently discussed to specify sodium measurement. This
approach is based in the observation that sodium levels in
the CSF may be stable at the levels of extracellular fluid i.e.,
140mM (66, 115).

Yet, as a consequence of the physical properties of Na+,
application of ultra-high field ≥7 T scanners and/or long
acquisition times is warranted for “state-of-the-art” sodiumMRI.
This is of particular relevance when aiming at the precise
differentiation of sodium compartments.

In consequence, further development of sodium MRI
techniques and hardware is crucial (1) to improve SNR
and resolution, (2) to diminish partial volume effects and
scanning times, and (3) to enable precise differentiation of
sodium compartments.

The future technical improvement together with the
demonstrated high potential of brain sodium as a biomarker in
neurological disorders may pave the way for the implementation
of sodium MRI in clinical routine. The implementation of this
ambitious goal may be further supported by affordable sodium
MRI head coils and software packages enabling widespread
sodium measurement at commercial MRI systems (39).

Since 23NaMRI requires no contrast agents, similar
contraindications as for conventional proton MRI apply.
Even at ultra-high field strengths, MRI is well-tolerated,
thus further supporting an extended application of 23NaMR
investigations (29, 68, 116). However, none of the published
studies so far comprised an MS collective with n > 100 thus in
part limiting their significance. In consequence, multi-center
studies with strictly defined MS patient cohorts and sodiumMRI
methods are warranted to improve the validity of future studies.

Furthermore, improved sodium MRI techniques may enable
the future investigation of smaller regions of interest i.e.,
inflammatory brain lesions with a diameter <5mm or spinal
cord sodium concentrations. Analyzing the spinal cord would
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add useful information about disability-relevant MS pathology
beyond previous ex vivo or proton based MRI analyses (117).

As another attractive location for sodium MRI, studies
of hypertension, renal and rheumatological diseases displayed
elevated sodium deposition in the skin and muscle (118–
120). Together with experimental findings of proinflammatory
properties of elevated sodium levels in the skin, analysis of dermal
and muscular soft tissue sodium could also be interesting in the
field of MS. Here, the inflammatory pathogenesis may likely be
initiated in the periphery before immune cells enter the CNS (23).
Hence, sodium MRI may help to elucidate sodium dependent
effects of the yet scarcely characterized origin of inflammatory
processes in the periphery of MS patients.

Finally, sodium MRI has not been applied in other
acute or chronic inflammatory diseases of the CNS, such
as acute disseminated encephalomyelitis (ADEM), vasculitis,
granulomatous diseases, or aquaporine-4-antibody associated
neuromyelitis optica spectrum diseases (NMO-SD). Here, the
techniquemay add further valuable insights beyond conventional
protonMRI which often cannot sufficiently differentiate between
these entities (28). In addition, the effects of underlying disease-
modifying therapies on MRI brain sodium levels have not
been analyzed yet and remain to be demonstrated. Such
studies warrant longitudinal investigations of MS patients under
immunomodulatory treatment.

Combination of sodium MRI with additional imaging tools
beyond standard proton MRI may gain novel information
about pathological metabolic processes associated with
sodium accumulation. Here, additional MRI techniques
[i.e., myelin water imaging (MWI), magnetization transfer ratio
(MTR), diffusion tensor imaging (DTI), magnetic resonance
spectroscopy (MRS), optical coherence tomography (OCT)
or metabolic imaging techniques, such as positron emission
tomography (PET)] would be promising candidates (48).

In conclusion, modern sodium MRI has in part overcome
its inherent physical limitations, but still is in need for further
development. With its capability to give yet unknown insights
in the pathology of MS, this imaging technique deserves further
investigation aiming at implementation of sodium accumulation
as a biomarker for neurodegeneration and -inflammation in
the future.
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Introduction: We aimed to investigate several blood-based biomarkers related

to inflammation, immunity, and stress response in a cohort of patients without

stroke-associated infections regarding their predictive abilities for functional outcome and

explore whether they correlate with MRI markers, such as infarct size or location.

Methods: We combined the clinical and radiological data of patients participating in two

observational acute stroke cohorts: the PREDICT and 1000Plus studies. The following

blood-based biomarkers were measured in these patients: monocytic HLA-DR, IL-6,

IL-8, IL-10, LBP, MRproANP, MRproADM, CTproET, Copeptin, and PCT. Multiparametric

stroke MRI was performed including T2∗, DWI, FLAIR, TOF-MRA, and perfusion imaging.

Standard descriptive sum statistics were used to describe the sample. Associations

were analyzed using Fischer’s exact test, independent samples t-test and Spearmans

correlation, where appropriate.

Results: Demographics and stroke characteristics were as follows: 94 patients without

infections, mean age 68 years (SD 10.5), 32.2% of subjects were female, median

NIHSS score at admission 3 (IQR 2–5), median mRS 3 months after stroke 1 (IQR 0–2),

mean volume of DWI lesion at admission 5.7ml (SD 12.8), mean FLAIR final infarct

volume 10ml (SD 14.9), cortical affection in 61% of infarctions. Acute DWI lesion volume

on admission MRI was moderately correlated to admission/maximum IL-6 as well as

maximum LBP. Extent of perfusion deficit and mismatch were moderately correlated to

admission/maximum IL-6 levels. Final lesion volume on FLAIR was moderately correlated

to admission IL-6 levels.

Conclusion: We found IL-6 to be associated with several parameters from acute stroke

MRI (acute DWI lesion, perfusion deficit, final infarct size, and affection of cortex) in a

cohort of patients not influenced by infections.

Clinical Trial Registration: www.ClinicalTrials.gov, identifiers NCT01079728 and

NCT00715533

Keywords: stroke, biomarker, MRI, IL-6, neuroinflammation
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INTRODUCTION

Stroke is globally recognized as a leading cause for mortality and
adult disability. While the advent of intravenous thrombolysis
and recanalization has significantly improved the outcome of
stroke, a significant proportion of patients persist to suffer
from deficits and disabilities. This is partly explained by the
course of stroke itself, but also depending on neurological
and medical complications (1–3). Prognosis and precise
prediction of outcome remains challenging, especially during
the hyperacute phase of the disease. While demographic and
clinical characteristics, such as i.e., age and severity of acute
clinical syndrome, allow for an educated guess (4), the accuracy
of prediction is limited (5). For the post-acute phase of the
disease, recent progress has been made in prediction of motor
and cognitive recovery (6, 7).

Development of more accurate scores to predict outcome in
the acute setting may benefit from the inclusion of biomarkers.
While individual association of sanguine parameters with stroke
characteristics and functional outcome has been reported, no
single biomarker stands out in the field. Immune parameters
including cytokines and other acute phase proteins are indicative

FIGURE 1 | Timeline of the two studies supporting this analysis (A) and study flow chart (B).

to the risk of post-stroke infections but have also been associated
to functional outcome after stroke (8).

We aimed to investigate a range of inflammation-, immunity-,
and stress-related biomarkers in a cohort of patients without
stroke-associated infections regarding their predictive abilities
for functional outcome and explore whether they correlate with
MRI markers, such as infarct size or location.

METHODS

We combined the clinical and radiological data of patients
participating in two observational acute stroke cohorts: the
PREDICT and 1000Plus studies (clinicaltrials.gov NCT01079728
and NCT00715533). Both studies received full approval by the
institutional ethics’ committee, including the pooling of data
for combined analysis. All patients (or if necessary, their legal
representatives) gave informed consent to participation. Protocol
details of both studies have been previously published (9, 10).
Briefly, both studies recruited acute ischemic stroke patients to
investigate either the prediction of stroke-associated pneumonia
(PREDICT) or the natural course of multimodal MRI parameters
(1000Plus), especially the evolution of DWI-perfusion imaging-
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mismatch. There was significant overlap of visit time points
throughout the course of the study (see Figure 1). PREDICT
was a multicentric study, with one of the participating centers
(Charité Campus Benjamin Franklin) being the only study
site in the 1000Plus study. PREDICT recruited 189 patients
on that common site, 94 of which also participating in
the 1000Plus study. We excluded patients suffering from
an infection during their time of hospital admission for
this analysis.

Blood samples parameters were obtained within the first 4
days of hospital admission. Samples were immediately post-
processed and then frozen at −80◦C in order to allow for batch
analyses at the end of the study. Serum levels of mid-regional
pro atrial natriuretic peptide (MRproANP), mid-regional pro
adrenomedullin (MRproADM), C-terminal pro endothelin
(CTproET), ultrasensitive copeptin (CPus), and ultrasensitive
procalcitonin (PCTus) were measured using fluorescent
immunoassays on the automated BRAHMS KRYPTOR compact
PLUSTM analyzer (BRAHMS GmbH/Thermo Fisher Scientific,
Henningsdorf, Germany) according to the manufacturer’s
protocol. The lower limits of quantitation were 4.5 pmol/l
for MRproANP, 0.05 nmol/l for MRproADM, 3 pmol/l for
CTproET, 1.9 pmol/l for CPus, and 0,02 µg/l for PCTus. Plasma
concentrations of IL-6, IL-8, IL-10, and LBP were determined
with the IMMULITETM semi-automatic chemiluminescent
immunoassay (Siemens Medical Solutions, Bad Nauheim,
Germany). The detection limit for IL-6 and IL-8 is 2,
1 pg/ml for IL-10 and 0.8µg/ml for LBP. Expression of
human leukocyte antigen-DR (HLA-DR) on monocytes was
determined in EDTA whole blood samples by flow cytometry
using a highly standardized quantitative assay, as described
earlier (9).

Multiparametric stroke MRI was performed on a 3T
scanner (Tim Trio; Siemens AG, Erlangen, Germany) at
admission (always within 24 h of the event), the following
day and lastly 4–6 days after the event. Applied sequences
contained T2∗, DWI, FLAIR, TOF-MRA, and for the first
two imaging time points also perfusion imaging. For further
detail please refer to the published protocol (10). Admission
MRI was performed as initial imaging upon presentation, or
if outside of regular hours as the first examination the next
morning. Follow-up MRIs were performed in the morning
of the respective days. Blood samples were collected for
the first day as soon as the patients and/or their legal
representatives consented. The following samples were drawn
with the routine laboratory rounds in the morning. Hence,
delay between imaging and blood sampling was kept as short as
logistically possible.

Standard descriptive sum statistics were used to describe
demographics and stroke characteristics as well as biomarker and
imaging results. Associations were analyzed by use of Fischer’s
exact test, independent samples t-test and Spearmans correlation,
depending on character of variables. Alpha-error level was set
at 2-tailed p = 0.05. All statistics were performed using SPSS
(version 24.0, IBM, Armonk, NY, USA). In view of the small
sample size and the explorative nature of the study, we decided
against statistical correction such as Bonferroni.

RESULTS

We identified 94 patients participating in both Predict and
1000Plus. Three of them suffered from an infection during the
course of their hospital stay and were excluded from this analysis
(see Figure 1B for further detail). Mean age was 68 years (SD
10.5) and 32.2% of subjects were female. Median NIHSS score
at admission was 3 (IQR 2–5). At 3 months, median mRS was
1 (IQR 0–2). Thrombolysis was applied in 23% of patients. For
further details on clinical syndrome on admission, risk factors
and stroke etiology refer to Table 1.

Initial MRI was performed at a median of 549.5min (IQR
130.25–860) after event. Mean volume of DWI lesion at
admission was 5.7ml (SD 12.8), mean final infarct volume as
measured on FLAIR was 10ml (SD 14.9). The right hemisphere
was more frequently affected than the left hemisphere (52 vs.
37%) and cortex was involved in 61% of infarctions. Blood
samples were collected during the first 4 days of hospitalization
after stroke, and values for day of admission as well as
maximum/minimum values are outlined in Table 2.

Age of patients was associated with IL-6, MRproANP,
MRproADM, and CTproET. Stroke severity at admission
as measured by National Institute of Health Stroke Scale

TABLE 1 | Demographics and clinical stroke characteristics.

n 91

Sex, n (%) female 29 (32.2)

Age, years, mean (SD) 68.0 (10.5)

Admission NIHSS, median (IQR) 3 (2-5)

Admission mRS, median (IQR) 2 (1-3)

ADMISSION SYMPTOMS

Aphasia [7] 10 (11.9)

Motor deficit 67 (77.9)

Dysarthria [7] 46 (54.8)

Dysphagia [11] 5 (6.3)

RISK FACTORS

Diabetes mellitus 25 (28.7)

Atrial fibrillation 14 (16.1)

Previous stroke 16 (18.4)

Arterial hypertension 74 (85.1)

Hyperlipidemia 55 (63.2)

Smoking [61] 5 (16.1)

Thrombolysis 20 (23.0)

TOAST

Large artery occlusion 56 (64.4)

Cardioembolism 18 (20.7)

Small artery disease 6 (6.9)

Other etiology 3 (3.4)

Unknown etiology 3 (3.4)

Concurring etiology 1 (1.1)

mRS 90 days after event, median (IQR) [17] 1 (0–2)

Values given are n (%) if not explicitly stated otherwise, missing cases reported if >5 as

[n]. NIHSS, National Institute of Health Stroke Scale; mRS, modified Rankin Scale; TOAST,

Trial of Org10172 in Acute Stroke Treatment.
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TABLE 2 | Imaging and blood-based biomarker results.

Hemisphere of DWI lesion

Right 46 (51.7)

Left 32 (36.0)

Bilateral 11 (12.4)

DWI lesion volume on acute MRI, ml 5.7 (12.8)

PI deficit volume on acute MRI, ml 45.1 (78.0)

DWI-PI mismatch on acute MRI, ml 26.4 (58.5)

TYPE OF INFARCTION

Territorial 76 (85.4)

Lacunar infarction 12 (13.5)

Borderzone infarction 1 (1.1)

REGIONS AFFECTED

Any Cortex 54 (60.7)

Caudate 3 (3.3)

Lenticulate 4 (4.4)

Capsula interna 8 (8.8)

Insula 11 (12.1)

ASPECT M1 6 (6.6)

ASPECT M2 17 (18.7)

ASPECT M3 14 (15.4)

ASPECT M4 15 (16.5)

ASPECT M5 34 (37.4)

ASPECT M6 21 (23.1)

FLAIR lesion volume on Follow Up, ml [33] 10.0 (14.9)

HLA-DR, EPITOPES/CELL, MEDIAN (IQR)

At inclusion [3] 18,387 (14,434–25,788)

Lowest [1] 16,505 (11,386–21,285)

IL-6, PG/ML, MEDIAN (IQR)

At inclusion [3] 2.8 (2.0–5.2)

Highest [1] 5.2 (2.7–11.0)

IL-8, PG/ML, MEDIAN (IQR)

At inclusion [3] 5.0 (5.0–5.0)

Highest [1] 5.0 (5.0–5.2)

IL-10, PG/ML, MEDIAN (IQR)

At inclusion [3] 5.0 (5.0–5.0)

Highest [1] 5.0 (5.0–5.0)

LBP, µG/ML, MEDIAN (IQR)

At inclusion [3] 7.23 (5.48–9.34)

Highest [1] 8.90 (6.68–11.65)

MPproANP, PG/ML, MEDIAN (IQR)

At inclusion [29] 111.4 (65.5–180.9)

Highest [23] 122.5 (79.1–195.8)

MPproADM, PG/ML, MEDIAN (IQR)

At inclusion [29] 0.703 (0.593–0.868)

Highest [22] 0.751 (0.613–0.917)

CTproET, PG/ML, MEDIAN (IQR)

At inclusion [30] 61.4 (50.7–75.9)

Highest [22] 64.4 (54.6–83.1)

CPus, PG/ML, MEDIAN (IQR)

At inclusion [29] 8.84 (5.27–14.22)

Highest [22] 10.19 (5.60–17.40)

PCT us, PG/ML, MEDIAN (IQR)

At inclusion [30] 0.031 (0.024–0.041)

Highest [23] 0.039 (0.028–0.050)

Values given are n (%) if not explicitly stated otherwise, missing cases reported if >5 as

[n]. HLA-DR, Human leukocyte antigen expression on monocytes; IL-6, IL-8, IL-10, three

interleukins; LBP, lipopolysaccharide-binding protein; MRproANP, mid-regional pro atrial

natriuretic peptide; MRproADM, mid-regional pro adrenomedullin; CTproET, C-terminal

pro endothelin; CPus, ultrasensitive copeptin; PCTus, ultrasensitive procalcitonin.

(NIHSS) score was associated with IL-6. Functional outcome
as measured by modified Rankin Scale (mRS) at day 90 was
associated with admission levels of ultrasensitive Copeptin,
maximum MRproADM, IL-6, and minimum HLA-DR
levels (Table 3).

Acute volume of DWI restriction on admission MRI scans
was moderately correlated to admission (Spearman’s ρ 0.336)
and maximum (Spearman’s ρ 0.276) IL-6 as well as maximum
LBP (Spearman’s ρ 0.222) levels. Extent of perfusion imaging
(PI) deficit and DWI-PI-Mismatch were moderately correlated
to admission (Spearman’s ρ 0.306 and 0.231, respectively) and
maximum (Spearman’s ρ 0.277 and 0.215, respectively) IL-6
levels. Final lesion volume on FLAIR was moderately correlated
to admission IL-6 levels (Spearman’s ρ 0.364) (Table 4).
Cortical infarcts were associated with higher IL-6 levels at
admission. By use of the ASPECT scoring system we only found
inconsistent associations of biomarker levels with infarct location
(Supplementary Table 1).

DISCUSSION

We examined the relationship of inflammatory, immune, and
stress biomarkers with MRI parameters in 91 stroke patients
not suffering from stroke-associated infections during the course
of the study. Interleukin-6 was associated with infarct size and
tissue at risk, as well as final infarct volume. The other studied
biomarkers did not show any associations with imaging markers
in the absence of infection. Overall, the studied cohort was rather
mildly affected by stroke (median admission NIHSS 3 IQR 2–5
and 3 months mRS 1 IQR 0–2).

The biological role of IL-6 in ischemic stroke remains
uncertain. Astrocytes and microglia express IL-6, but whether
it primarily exerts neurotoxic or—protective effects is a matter
of scientific discourse (11, 12). Our study found a significant
association of IL-6 levels with NIHSS scores at admission,
although Spearman’s ρ only showed moderate correlation.
Furthermore, we found a significant correlation of IL-6 levels
with lesion volume, whether on DWI scans at admission,
PI deficit, DWI-PI mismatch or on follow-up FLAIR images,
which is in line with the association of IL-6 levels and
NIHSS scores at admission. Infarct size has previously been
reported to correlate at least with intrathecal levels, but not
consistently with serum levels, of IL-6 (13–15). IL-6 was
repeatedly associated with poor functional outcome, but whether
this is an independent effect or a signal due to infection
remains unclear (8). Our data shows a significant association
of IL-6 with functional outcome as measured by mRS in
a cohort of patients not suffering from infection, further
corroborating an association independent of infections. IL-
6 has been previously linked to small vessel disease and
silent cerebral infarctions (16–18). IL-6 and also IL-10 were
associated with the presence of diffusion-perfusion- or clinical-
diffusion-mismatch on acute stroke MRI (19–21). Furthermore,
cortical infarcts were associated with IL-6. The associations
of several other biomarkers with localization of lesions have
to be interpreted with caution considering the sample size
and plausibility.
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TABLE 3 | Association of biomarkers at inclusion and lowest/highest measurement with clinical parameters.

Aphasia Motor deficit Dysarthria Dysphagia Sex NIHSS mRS d90 Age

HLA-DR Inclusion 0.405 0.979 0.548 0.757 0.606 0.409 0.052 0.249

Lowest 0.987 0.436 0.959 0.173 0.340 0.099 0.030 0.069

IL-6 Inclusion 0.410 0.478 0.912 0.739 0.824 0.005 0.252 0.001

Highest 0.369 0.281 0.983 0.438 0.884 0.005 0.015 0.030

IL-8 Inclusion 0.443 0.050 0.640 0.552 0.803 0.073 0.226 0.339

Highest 0.633 0.393 0.386 0.467 0.597 0.331 0.683 0.566

IL-10 Inclusion 0.416 0.468 0.136 0.611 0.564 0.916 0.248 0.460

Highest 0.247 0.360 0.257 0.727 0.989 0.683 0.587 0.236

LBP Inclusion 0.086 0.364 0.958 0.660 0.227 0.291 0.952 0.148

Highest 0.857 0.861 0.442 0.353 0.621 0.062 0.637 0.152

MPproANP Inclusion 0.486 0.640 0.012 0.029 0.914 0.163 0.654 0.005

Highest 0.521 0.287 0.047 0.005 0.926 0.068 0.911 0.005

MPproADM Inclusion 0.001 0.320 0.310 0.915 0.296 0.241 0.264 <0.001

Highest 0.351 0.209 0.618 0.979 0.547 0.158 0.043 0.001

CTproET Inclusion 0.398 0.323 0.613 0.994 0.962 0.160 0.344 0.018

Highest 0.015 0.330 0.893 0.888 0.933 0.092 0.169 0.039

Copeptin us Inclusion 0.720 0.455 0.548 0.436 0.357 0.768 0.006 0.540

Highest 0.335 0.910 0.354 0.441 0.115 0.918 0.144 0.298

PCT us Inclusion 0.643 0.381 0.007 0.736 0.286 0.254 0.962 0.975

Highest 0.855 0.560 0.056 0.908 0.362 0.634 0.230 0.711

Values given are two-sided p-values obtained by a students’ t-test; Bold text denotes significant associations; HLA-DR, Human leukocyte antigen expression on monocytes; IL-6,

IL-8, IL-10, three interleukins; LBP, lipopolysaccharide-binding protein; MRproANP, mid-regional pro atrial natriuretic peptide; MRproADM, mid-regional pro adrenomedullin; CTproET,

C-terminal pro endothelin; CPus, ultrasensitive copeptin; PCTus, ultrasensitive procalcitonin.

Interestingly, in our cohort of patients not suffering from
infections, plasma levels of IL-8 and IL-10 were mostly not
detectable and below the upper limit of normal (5.0 pg/ml).
This is in line with previous findings by us and Chamorro et al.
showing increased IL-10 levels in patients with stroke-associated
infections (22, 23). These cytokines may therefore be mainly
triggered by systemic inflammation in the course of infectious
complications after stroke, whereas neuroinflammation within
the CNS does not seem to trigger their expression.

As previously described, we found functional outcome
after 3 months to be inversely correlated to HLA-DR (24),
and furthermore correlated to MRproADM and ultrasensitive
Copeptin. Expression of monocytic HLA-DR is a marker of
monocyte activation and has been shown to be a key marker
for stroke-induced immune depression (9, 25). Lower HLA-DR
expression is a strong predictor of stroke-associated pneumonia
and is associated with worse functional outcome (9, 24). The
latter association is further corroborated in our data independent
of infection.

Several biomarkers showed an association with age, and
while this has previously been reported for CTproET (26) and
appears plausible for a vascular stress marker as MRproANP,
the relationship for MRproADM and IL-6 is less seemingly
obvious. LBP is a marker of bacterial translocation and higher
levels are found in patients with post-stroke infection (27).
It is also associated with a worse short-term stroke outcome
(28). We could not reproduce this finding in stroke patients
not suffering from infection or show any association with

imaging characteristics. MRproANP is used as a biomarker
for hemodynamic stress and was previously shown to indicate
higher risk for ischemic stroke (29). There were no significant
associations with imaging characteristics or functional outcome
in our cohort. MRproADM exerts vasodilating, vasoprotective,
and angiogenic effects and is associated with post-stroke
infections (30) and functional outcome after stroke (31).
MRproADM has been associated with progression of small
vessel disease accompanying cognitive decline (32). We could
not reproduce the association with poor outcome or find
an association with imaging characteristics. The vasopressin
surrogate CP has been associated with higher risk of all-
cause mortality, poor functional outcome and infections after
ischemic stroke (33–36). Furthermore, it has been proposed to
improve prediction of recurring cerebrovascular events (37).
CTproET is influenced by age, renal function, and hemodynamic
parameters of healthy subjects, and is a strong vasoconstrictor
(26). While it has not been studied as biomarker in ischemic
stroke before, its derivative endothelin has been associated with
carotid atherosclerosis and silent cerebral infarctions (38). Both
biomarkers were not associated with outcome in our cohort,
and did not show any significant correlations with imaging
findings. PCT is a blood-based marker for infection in general
and was shown to be associated with post-stroke infections and
functional outcome (36, 39, 40). Furthermore, higher levels of
PCT are associated with extent of small vessel disease and silent
infarctions on MRI (41). Our data did not show an association
with functional outcome or imaging characteristics.
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TABLE 4 | Association of biomarkers at inclusion and lowest/highest measurement with imaging parameters.

Initial DWI volume Initial PI deficit Initial mismatch Final FLAIR volume

HLA-DR At Inclusion 0.933 0.936 0.716 0.397

Lowest 0.678 0.234 0.443 0.300

IL-6 At Inclusion 0.002 0.016 0.030 0.006

Highest 0.009 0.029 0.042 0.383

IL-8 At Inclusion 0.955 0.667 0.928 0.068

Highest 0.787 0.798 0.099 0.347

IL-10 At Inclusion 0.290 0.555 0.701 0.822

Highest 0.081 0.101 0.595 0.435

LBP At Inclusion 0.084 0.877 0.625 0.546

Highest 0.037 0.349 0.431 0.688

MPproANP At Inclusion 0.949 0.945 0.566 0.830

Highest 0.853 0.795 0.486 0.941

MPproADM At Inclusion 0.882 0.901 0.123 0.130

Highest 0.682 0.801 0.267 0.340

CTproET At Inclusion 0.923 0.887 0.665 0.827

Highest 0.834 0.906 0.541 0.849

Copeptin us At Inclusion 0.144 0.801 0.457 0.701

Highest 0.487 0.673 0.648 0.815

PCT us At Inclusion 0.804 0.214 0.224 0.637

Highest 0.418 0.151 0.381 0.513

Values given are two-sided p-values obtained by a Spearman’s correlation; Bold text denotes significant associations; HLA-DR, Human leukocyte antigen expression on monocytes; IL-6,

IL-8, IL-10, three interleukins; LBP, lipopolysaccharide-binding protein; MRproANP, mid-regional pro atrial natriuretic peptide; MRproADM, mid-regional pro adrenomedullin; CTproET,

C-terminal pro endothelin; CPus, ultrasensitive copeptin; PCTus, ultrasensitive procalcitonin.

Our study suffers from several limitations: the sample
size, while average for a study in this field, is limited,
especially considering the amount of analyses performed.
While multiple testing was a concern for us, the purpose
of this study was purely exploratory. Our findings need to
be corroborated by further confirmatory studies. Furthermore,
our study cohort was overall rather mildly affected by
stroke, not necessarily reflecting a cohort of severely impaired
patients. Strengths of this report are the prospective collection
of data with an in-depth clinical and neuroradiological
assessment during the acute course of the disease avoiding
recall H bias.

Our data supports the conclusion that IL-6 is an inflammatory
marker of cerebral parenchymal damage independent of
systemic infections.
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Objective: The autoimmune diseaseMultiple Sclerosis (MS) represents a heterogeneous

disease pattern with an individual course that may lead to permanent disability. In addition

to immuno-modulating therapies patients benefit from symptomatic approaches like

intrathecal corticosteroid therapy (ICT), which is frequently applied in a growing number

of centers in Germany. ICT reduces spasticity, which elongates patient’s walking distance

and speed, thus improves quality of life.

Methods: In our study we set out to investigate cerebrospinal fluid (CSF) parameters and

clinical predictors for response to ICT. Therefore, we analyzed 811 CSF samples collected

from 354 patients over a time period of 12 years. Patients who received ICT were divided

in two groups (improving or active group) depending on their EDSS-progress. As control

groups we analyzed data of ICT naïve patients, who were divided in the two groups as

well. Additionally we observed the clinical progress after receiving ICT by comparison of

patients in both groups.

Results: The results showed clinical data had a significant influence on the probability

to benefit from ICT. The probability (shown by Odds Ratio of 1.77–2.43) to belong to

the improving group in contrast to the active group is significantly (p < 0.0001) higher

at later stages of disease with early disease onset (<35 years, OR = 2.43) and higher

EDSS at timepoint of ICT-initiation (EDSS > 6, OR = 2.06). Additionally, we observed

lower CSF cell counts (6.68 ± 1.37 µl) and lower total CSF protein (412 ± 18.25 mg/l)

of patients who responded to ICT compared to patients who did not (p < 0.05). In the

control group no significant differences were revealed. Furthermore analyses of our data

revealed patients belonging to the improving group reach an EDSS of 6 after ICT-initiation

less often than patients of the active group (after 13 years 39.8% in the improving group,

67.8% in the active group).

Conclusion: Our study implies two relevant messages: (i) although the study was not

designed to prospectively assess clinical data, in this cohort no severe side effects were

observed under ICT; (ii) disease onset, EDSS, CSF cell count, and total protein may serve

as predictive markers for therapy response.

Keywords: multiple sclerosis, disease progression, intrathecal corticosteroid therapy, clinical predictor,

cerebrospinal fluid
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INTRODUCTION

Multiple Sclerosis (MS) is one of the most common non-
traumatic neurological diseases of young adults (1). Besides
the immunological component of MS, axonal damage is a
pathological hallmark of disease, which causes permanent
disability (2). Despite already existing and approved immuno-
modulating therapies for MS, chronic disability, and disease
progression caused by neurodegeneration still pose a therapeutic
challenge. More than 80% of patients afflicted by MS suffer
from spasticity during disease, subsequently leading to critical
impairment of daily life routine in 30% of these patients (3), i.e.,
reduced or diminished walking ability. After insufficient response
to first-line (oral) antispastic therapies, intrathecal corticosteroid
therapy (ICT) is an adjuvant option to reduce permanent
disability (3). Several studies have previously shown the efficacy
of ICT in various cohorts (3, 4). ICT can reduce the Expanded
Disability Status Scale (EDSS), elongates walking distance and
increases walking speed (3). Moreover, ICT improves effectively
neuropathic pain which is caused by disease activity (5). In
summary, ICT is stated as a safe and effective option for the
reduction of disability (6). Additionally, ICT has a beneficial
impact on bladder function (3) and generally improves quality
of life in responsive patients. Thus, ICT is a promising option to
slow down disease progression and reduce permanent disability.
However, aside from the clinical improvement no stratifying
markers for therapy response/non-response are available so far.
Hence, the aim of our study was to identify possible CSF markers
that may predict the individual response to ICT. CSF, due to
its proximity to MS pathomechanism, has been shown to be a
suitable biocompartment, e.g., for epigenetic markers (7), that is
usually not affected by systemicmetabolic processes derived from
the peripheral blood (8).

In our department, we have established (4, 5) and performed
ICT for decades. Patients usually receive a cumulative dose
of 40–200mg triamcinolone-acetonide (Volon A) via 1–3
injections (every other day) every 3 months on average in an
individualized manner (9). With this study we addressed the
following questions: (I) Are there any differences in standard CSF
parameters to distinguish between response and non-response
to ICT?; and (II) which clinical parameters indicate a beneficial
response to ICT?

METHODS

Retrospective data from patients assessed during clinical routine
at the Department of Neurology of the Ruhr-University Bochum,
St. Josef-Hospital since 2005 were considered for analysis.
CSF analysis for possible surrogate markers was approved by
the ethics committee of the Department of Medicine at the
Ruhr-University Bochum (registration number 4493-12). The
mean observation period per patient comprised to 2.58 ± 2.51
years. The distribution of the observation intervals is shown

Abbreviations: MS, Multiple Sclerosis; ICT, intrathecal corticosteroid therapy;

EDSS, Expanded Disability Status Scale; CSF, cerebrospinal fluid; RRMS, relapsing

remitting MS; SPMS, secondary progressive MS; PPMS, primary progressive MS.

in Table 1. We analyzed a total of 811 CSF samples from
354 different patients. All study patients had been diagnosed
with MS according to the McDonald criteria (10) including
all different disease subtypes, i.e., relapsing remitting (RR),
secondary progressive (SP), and primary progressive (PP). Only
those patients who had been unstable with other MS medication
for at least 6 months and showed insufficient response to oral first
line antispastic therapies received ICT. Written and informed
consent of all patients was obtained before initiation of ICT.
We screened 206 patients (with 508 CSF analyzed samples) who
had received ICT at least at one time point, and 148 patients
(with 303 CSF analyses) who had been ICT naïve. Patients and
CSF values were included in this study fulfilling the mentioned
criteria. Patients were followed longitudinally for their EDSS as
well as their CSF.

CSF assessment and analysis were performed once before
the first ICT injection and afterwards as follow up during
longitudinal ICT. Lumbar punctures of patients, who did not
receive ICT, were part of diagnostic routine, for instance
reevaluation of diagnosis or verification of the conversion
of oligoclonal bands. Triamcinolon (40–80mg) was injected
directly into the CSF under sterile conditions using an atraumatic
needle (4).

Patients were divided into two groups depending on
their respective clinical progress mirrored by individual EDSS
(11). EDSS was collected routinely in our department, thus
it is possible to monitor patient’s disability progression
retrospectively over a long period of time as it was essential
in our study. We defined two groups based on the ratio of
first determined EDSS and the mean of all following respective
EDSS of the same patient≥1: improving group—patients, whose
EDSS remained stable or decreased over time <1: active group—
patients, whose EDSS increased over time.

Due to the retrospective character of our study, the evaluation
of the EDSS in standardized time intervals was not possible.
However, the EDSS assessment prior to the first ICT-injection
was evaluated in a time range of 1.2 ± 0.24 years, the EDSS

TABLE 1 | Observation Interval of ICT patients; number of values and patients of

the observation intervals.

Observation interval Number of patients Number of CSF values

Less than 1 year 6 26

1–2 years 93 127

2–3 years 50 75

3–4 years 37 50

4–5 years 34 54

5–6 years 31 66

6–7 years 18 51

7–8 years 15 47

8–9 years 22 81

9–10 years 20 72

10–11 years 11 63

11–12 years 10 51

More than 12 years 7 48
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post ICT-injection was evaluated in a time range of 1.68 ± 0.26
years. By definition we excluded patients of whom only one
EDSS value was available during the observation period, which
leads to an impediment for a definitive group assignment. Hence,
for final assessment we included 157 patients with 446 CSF
samples who received ICT, and additionally 103 patients with
213 CSF analyses who were ICT naïve. Detailed demographic
information of patients is shown in Table 2. We compared these
two groups separately for patients who received ICT and patients
who were ICT naïve, because of the retrospective vs. cross
sectional character of data used for the study. Statistical analysis
for CSF parameters of these subgroups was performed by Mann-
Whitney-U-test, after Kolmogorov–Smirnov-Test had ruled out
Gaussian distribution. Therefore, we included all baseline data
of CSF of all patients included in the improving or active group
to represent the long-term changes. Additionally we analyzed
the patients mean cell count to show patient’s intrapersonal
cell count value dependent on individual disease progress and
activity. To examine clinical parameters of patients we used
fisher’s exact test. For the examination of clinical parameters,
we defined specific ranges of these parameters: age range at
diagnosis and manifestation were set up to 35 years based on
epidemiological data suggesting a transition age of RRMS to
SPMS at 33 years (12). We stratified EDSS in below and above
EDSS 6 (13, 14).

Kaplan Maier analysis was performed for evaluating risk of
disease progression, i.e., disease progression defined as EDSS
increase above 6 over time for both ICT receiving groups;
statistical analysis was performed by log-rank (Mantel-Cox) test.
All statistical data in figures are shown with mean ± SEM,
following p were considered as statistically significant: p < 0.05,
p < 0.001, and p < 0.0001.

Additionally, we evaluated the effect of patient specific MS
medication in combination with or without ICT, i.e., established

immuno-modulating therapies used in MS like interferon-beta,
glatiramer acetate, fingolimod, dimethylfumarat, azathioprine,
mitoxantrone, and natalizumab.

RESULTS

CSF Analyses of ICT Patients
Analyzed data of patients who received ICT showed a significant
lower absolute cell count in the CSF in the improving group
(6.68 ± 1.37 µl) when compared to the active group (9.206 ±

2.39 µl; p = 0.04416; Figure 1A). This result was confirmed
by observation of the individual patient’s mean cell count. Also
in this analysis the improving group significantly (p = 0.0221)
showed a lower cell count mean (7.20 ± 3.41 µl) in comparison
to the active group (10.82 ± 3.18 µl; Figure 1B). The amount of
total protein in the CSF was significantly lower in the improving
group (p = 0.0014, improving group 412 ± 18.25 mg/l vs. active
group 462.4 ± 14.04 mg/l; Figure 1C). Separately analyzed data
of ICT naïve MS-patients did not display significant differences
neither in cell count nor in total protein between improving
and active group (Figures 1A–C).We detected no significant
differences in other standardized CSF parameters including
erythrocytes count, glucose, lactate, albumin, and IgG (data
not shown).

In addition, we investigated whether patient’s individual
MS medication had an effect on the specific response to
ICT. Therefore, we observed the different immune-modulating
therapy options of patients receiving ICT based on their
assignment for active and improving group. Since patients only
received ICT when they were not stable for at least 6 months with
otherMSmedication, the results confirmed that the effects of ICT
were not significantly influenced by the specific MS medication
(data not shown).

TABLE 2 | Demographic parameters of MS patients; demographic data separated for patients with or without ICT and for improving and active group; a in years (mean ±

SD); RRMS, relapsing remitting multiple sclerosis; SPMS, secondary progressive multiple sclerosis; PPMS, primary progressive multiple sclerosis; n, number of patients; f,

female; m, male.

n Sex Current agea Age at diagnosisa Disease durationa

No intrathecal corticosteroid therapy Improving group 51 f = 33; m = 18 51.98 ± 11.62 36.18 ± 13.65 15.8 ± 10.48

RRMS 27 f = 20; m = 7 46.78 ± 11.55 35.7 ± 13.76 11.07 ± 7.67

SPMS 20 f = 12; m = 8 57.8 ± 8.77 34.65 ± 13.59 23.15 ± 10.69

PPMS 4 f = 1; m = 3 58 ± 9.42 47 ± 10.89 11 ± 2.16

Active group 52 f = 30; m = 22 54.13 ± 10.5 37.46 ± 10.16 16.67 ± 8.49

RRMS 9 f = 3; m = 6 40.11 ± 14.41 29.33 ± 10.56 10.78 ± 6.36

SPMS 39 f = 26; m = 13 56.85 ± 6.79 38.23 ± 9.19 18.62 ± 8.52

PPMS 4 f = 1; m = 3 59.25 ± 3.86 48.25 ± 5.19 11 ± 1.41

Intrathecal corticosteroid therapy Improving group 72 f = 45; m = 27 51.42 ± 10.57 38.42 ± 10.65 13 ± 8.15

RRMS 35 f = 22: m = 13 46.66 ± 10.19 37.0 ± 11.2 9.66 ± 6.24

SPMS 31 f = 19; m = 12 57.29 ± 8.2 39.81 ± 10.43 17.48 ± 8.45

PPMS 6 f = 4; m = 2 48.83 ± 9.83 39.5 ± 8.76 9.33 ± 5.65

Active group 85 f = 55; m = 30 54.54 ± 10.98 36.52 ± 10.21 18.02 ± 7.86

RRMS 14 f = 9; m = 5 44.43 ± 12.11 28.14 ± 11.41 16.29 ± 8.79

SPMS 62 f = 40; m = 22 56.08 ± 8.81 36.85 ± 8.26 19.23 ± 7.13

PPMS 9 f = 6; m = 3 59.67 ± 14.46 47.22 ± 10.50 12.44 ± 9.15
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FIGURE 1 | (A) Cell count. Baseline cerebrospinal fluid parameter cell count of

multiple sclerosis patients within intrathecal corticosteroid therapy (ICT)

compared between the subgroups; separate comparison of multiple sclerosis

patients without ICT between the two subgroups; Mann–Whitney-U-

test, mean with SEM, n (improving group ICT)= 172, n (active group ICT)= 310,

(Continued)

FIGURE 1 | n (improving group ICT naïve) = 88, n (active group ICT

naïve) = 137; *p = 0.0442. (B) Cell count mean. Mean of cerebrospinal fluid

parameter cell count of multiple sclerosis patients within ICT compared

between the subgroups; separate comparison of multiple sclerosis patients

without ICT between the two subgroups; Mann–Whitney-U-test, mean with

SEM, n (improving group ICT) = 76, n (active group ICT) = 59, n (improving

group ICT naïve) = 46, n (active group ICT naïve) = 47; *p = 0.0221. (C) Total

protein. Baseline cerebrospinal fluid parameter total protein of multiple

sclerosis patients within ICT compared between the subgroups; separate

comparison of multiple sclerosis patients without ICT between the two

subgroups; Mann-Whitney-U-test, mean with SEM; n (improving group

ICT) = 155, n (active group ICT) = 282, n (improving group ICT naïve) = 88, n

(active group ICT naïve) = 137; *p = 0.0014.

FIGURE 2 | Clinical Parameter; Odds Ratio for each clinical parameter of

patients receiving ICT between improving group and active group; fisher’s

exact test, ***p < 0.0001; disease duration (p = 0.2383); disease

duration/current age/age at manifestation/age at diagnosis in years; EDSS,

expanded disability status scale; m, male; f, female.

Clinical Parameters for a Response to ICT
The analysis of clinical data revealed that an EDSS > 6 at the
first injection of ICT correlated with an increased probability
to benefit from ICT (OR = 2.06; 95% CI from 1.5 to 1.75; p
< 0.0001). Additionally, patients below age of 35 years at first
diagnosis of MS benefited most from ICT. In contrast to patients
older than 35 years, the probability to belong to the improving
group was more than twice as high (OR= 2.43, 95% CI from 1.86
to 3.18, p < 0.0001). We found similar results for the individual
age at first manifestation of the disease (OR= 1.77, 95% CI from
1.33 to 2.36; p < 0.0001).The results showed that an age <50
years currently receiving ICTwas accompanied with an increased
probability to belong to the improving group (OR = 2.29, 95%
CI from 1.68 to 3.14; p < 0.0001). Examining the influence of the
patients’ sex regarding therapy response, male patients responded
with a higher probability to ICT than female patients (OR= 1.79,
95%CI from 1.36 to 2.27; p< 0.0001).We observed no significant
difference between the analyzed groups when assessing disease
duration before the start of ICT (OR= 1.18, 95% CI from 0.91 to
1.52; p < 0.0001). Results are displayed in Figure 2.

Time to Reach EDSS 6
We compared both, the improving and the active group of
patients receiving ICT in respect to the time of reaching an EDSS
of 6. 13 years after first injection of ICT 39.8% of patients in
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FIGURE 3 | Time to reach EDSS 6; survival curves before reaching an EDSS

of 6; all analyzed patients receiving ICT; comparing improving group and active

group, Kaplan–Meier survival analysis; log-rank (Mantel-Cox) test, p = 0.0357;

ICT, intrathecal corticosteroid therapy; EDSS, expanded disability status scale.

the improving group reached an EDSS of 6, whereas 67.8% of
patients belonging to the active group reached an EDSS of 6
[p = 0.0357; log rank (Mantel-Cox) test]. The results are shown
in Figure 3.

DISCUSSION

Effective treatment of MS disease progression is one of the
major unmet needs in the field of MS therapy. Several studies
have demonstrated the safety and efficacy of ICT in MS (3, 4).
However, based on its mode of application ICT is not widely
used outside German-speaking countries. Also due its invasive
nature of application a placebo/sham controlled randomized
trial would be un-ethical. The diagnostic value of CSF analysis,
however, is being increasingly appreciated even in the age of
revised McDonald criteria (10). Our study comprised a cohort of
over 200MS patients with ICT and additionally 148MS patients
without ICT, whose datasets were collected over a time period
of 12 years. The weakness of the study is its retrospective
nature. However, we could demonstrate a significantly lower
level of total protein and cell count in the CSF of patients
responding to ICT in a large longitudinally assessed cohort. In

accordance with previous studies (3, 15) no severe side effects
were observed. Nonetheless, a marker—ideally derived from
neurological laboratory routine diagnostic like CSF cell number
or total protein—that stratifies responders and non-responders
to ICT, may help to assign patients to this therapy. In accordance
with previous studies we could stratify clinical data for a positive
therapy response to ICT (16).

Our data suggest that patients benefit most from ICT, when
(i) diagnosis (and manifestation) was at a younger age (below 35
years of age); (ii) they are younger than 50 years while receiving
ICT; (iii) their EDSS is higher than 6 at start of ICT; (iv) when
they are male.

CSF analysis is used to exclude differential diagnosis
(17) and the standard CSF values are considered as not
useful as markers for disease progression or therapy response

(8, 18, 19). Among other immunological effects, systemic
glucocorticosteroid application has been shown to decrease

the number of leucocytes in CSF and to stabilize the blood-

brain-barrier (20–22). It is suggested, that low numbers of
CSF cells could indicate a beneficial effect on MS progression

(20, 23). Furthermore, a dysfunction of the blood-brain-barrier
implies a modified expression and secretion of potentially
inflammatory mediators in the CSF, e.g., cytokines (24). ICT is an
adjuvant option to reduce spasticity and improve patient’s motor
disabilities, i.e., elongation of walking distance (4). Furthermore,
our retrospective data suggest that ICT may have a positive
impact on disability progression.

However, the main weakness of this study is its retrospective
nature, particularly regarding the clinical data. Hence, the
decision whether ICT is used or not is based on an individual
risk and benefit assessment. Our data point to a CSF standard
assessment, that may serve as a potential tool of predicting
therapy response in context of ICT.
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An Assay to Determine Mechanisms
of Rapid Autoantibody-Induced
Neurotransmitter Receptor
Endocytosis and Vesicular Trafficking
in Autoimmune Encephalitis

Elsie Amedonu 1,2, Christoph Brenker 3, Sumanta Barman 4, Julian A. Schreiber 1,

Sebastian Becker 1, Stefan Peischard 1, Nathalie Strutz-Seebohm 1, Christine Strippel 2,

Andre Dik 2, Hans-Peter Hartung 4, Thomas Budde 5, Heinz Wiendl 2, Timo Strünker 3,
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N-Methyl-D-aspartate (NMDA) receptors (NMDARs) are among the most important

excitatory neurotransmitter receptors in the human brain. Autoantibodies to the

human NMDAR cause the most frequent form of autoimmune encephalitis involving

autoantibody-mediated receptor cross-linking and subsequent internalization of the

antibody-receptor complex. This has been deemed to represent the predominant

antibody effector mechanism depleting the NMDAR from the synaptic and extra-synaptic

neuronal cell membrane. To assess in detail the molecular mechanisms of

autoantibody-induced NMDAR endocytosis, vesicular trafficking, and exocytosis

we transiently co-expressed rat GluN1-1a-EGFP and GluN2B-ECFP alone or

together with scaffolding postsynaptic density protein 95 (PSD-95), wild-type

(WT), or dominant-negative (DN) mutant Ras-related in brain (RAB) proteins

(RAB5WT, RAB5DN, RAB11WT, RAB11DN) in HEK 293T cells. The cells were

incubated with a pH-rhodamine-labeled human recombinant monoclonal GluN1

IgG1 autoantibody (GluN1-aAbpH−rhod) genetically engineered from clonally expanded

intrathecal plasma cells from a patient with anti-NMDAR encephalitis, and the

pH-rhodamine fluorescence was tracked over time. We show that due to the acidic

luminal pH, internalization of the NMDAR-autoantibody complex into endosomes and

lysosomes increases the pH-rhodamine fluorescence. The increase in fluorescence

allows for mechanistic assessment of endocytosis, vesicular trafficking in these

vesicular compartments, and exocytosis of the NMDAR-autoantibody complex under

steady state conditions. Using this method, we demonstrate a role for PSD-95 in

stabilization of NMDARs in the cell membrane in the presence of GluN1-aAbpH−rhod,

while RAB proteins did not exert a significant effect on vertical trafficking of
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the internalized NMDAR autoantibody complex in this heterologous expression system.

This novel assay allows to unravel molecular mechanisms of autoantibody-induced

receptor internalization and to study novel small-scale specificmolecular-based therapies

for autoimmune encephalitis syndromes.

Keywords: autoimmune encephalitis, N-Methyl-D-aspartate receptors, cross-linking, endocytosis, vesicular

trafficking, exocytosis, autoantibodies

INTRODUCTION

Most of the glutamatergic signaling mechanisms in the
central nervous system (CNS) rely on the binding of this
neurotransmitter (NT) to specific glutamate receptors
(GluRs). Ionotropic ligand-gated ion channels (iGluRs) and
metabotropic G protein-coupled receptors (mGluRs) mediate
fast and slow glutamatergic excitatory synaptic transmission
at synapses between neuronal axons and dendrites (1). The
iGluRs include the slow, modulatory N-Methyl-D-aspartate
receptors (NMDARs), the fast α-Amino-3-hydroxy-5-methyl-
4-isoxazolepropionic acid receptors (AMPARs) (2), and the
Kainate receptors (KARs), which typically do not contribute to
baseline synaptic transmission.

Functional adult neuronal NMDARs are hetero-tetrameric
complexes, formed predominantly by two GluN1 and two
GluN2 subunits (3). The subunits share a similar membrane
topology, i.e., four transmembrane domains (M1–M4), a
reentrant membrane loop between M3 and M4 domains, and
long extracellular N- and intracellular C-termini (relatively
short for GluN1) (4). Hallmarks of NMDARs include voltage-
sensitive block by extracellular Mg2+, slow current kinetics, and
high Ca2+ permeability (1). Thereby, NMDARs serve a crucial
function in synaptic plasticity (expressed as a change in receptor
number and functional properties), learning, andmemory. These
processes start with the release of glutamate from presynaptic
axon terminals and the subsequent binding together with the co-
agonist glycine mainly to postsynaptic NMDARs. Postsynaptic
NMDARs, in turn, are associated with and regulated by several
proteins that together constitute the postsynaptic density (PSD),
an elaborate complex of interlinked proteins and elements of
the cytoskeleton.

Neuronal glutamate receptor trafficking is amulti-step process
that involves protein synthesis at the dendritic tree of the
postsynaptic neuron, receptor subunit quality control and

Abbreviations: AMPA, α-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic

acid; AMPAR, α-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor;

CNS, central nervous system; DMEM, Dulbecco’s modified Eagle’s medium;

DN, dominant-negative; ECFP, enhanced cyan fluorescent protein; EE, early

endosomes; EGFP, enhanced green fluorescent protein; ER, endoplasmic

reticulum; FBS, fetal bovine serum; GluN1-aAbpH−rhod, pH-rhodamine-labeled

human recombinant monoclonal GluN1 IgG1 autoantibody; GA, Golgi apparatus;

GC, Golgi complex; GluR, glutamate receptors; Ig, immunoglobulin; iGluR,

ionotropic glutamate receptor; KAR, kainate receptor; NEAA, non-essential

amino acids; NMDA, N-Methyl-D-aspartate; NMDAR, N-Methyl-D-aspartate

receptor; NT, neurotransmitter; mEPSCs, miniature excitatory post-synaptic

currents; mGluR, metabotropic G-protein coupled receptor; PSD-95, postsynaptic

density protein 95; RAB, Ras-related in brain; RE, recycling endosomes; RV,

recycling vesicle; WT, wild-type.

assemblage in the endoplasmic reticulum (ER), processing in the
Golgi apparatus (GA), vesicular packaging in the Golgi complex
(GC), subsequent vertical trafficking to the neuronal cell surface
membrane and anchorage at the PSD, lateral trafficking into
and out of the PSD, as well as the internalization (endocytosis),
subsequent neuronal surface membrane reinsertion (exocytosis)
carried out by endosomes (vertical trafficking) or degradation
carried out by lysosomes (5). At each step of the trafficking
process, NMDARs associate with specific partner proteins that
allow for their maturation and/or transportation (4).

Glutamate receptors are major targets in autoimmune
encephalitis syndromes (6, 7), in which autoantibodies of
the immunoglobulin (Ig) G type target iGluRs like NMDARs
(8) and AMPARs (9) as well as mGluRs like metabotropic
glutamate receptor 1 (mGluR1) (10) and 5 (mGluR5) (11).
These autoantibodies disrupt receptor function, cross-link
receptors leading to internalization of the antibody-receptor
complex (9, 12–15), and activate complement depending on
the autoantibody, its IgG subclass, and the complement
concentration in the cerebrospinal fluid.

NMDAR autoantibodies are of the IgG 1 or 3 subtypes
and can directly affect the gating of the receptor (16).
Residues N368/G369 in the extracellular domain of the GluN1
subunit of NMDARs may form part of the immunodominant
binding region for IgG on the receptor molecule. In single-
channel recordings, antibody binding to the receptor instantly
caused more frequent openings and prolonged open times of
the receptor (16). Moreover, NMDAR autoantibodies caused
selective and reversible decrease in postsynaptic surface density
and synaptic anchoring of NMDAR in both glutamatergic
and GABAergic rat hippocampal neurons by disrupting the
interaction of NMDAR with Ephrin-B2 receptors (17), followed
by selective NMDAR cross-linking and internalization (13, 14).
Consistently, NMDAR antibodies selectively decreasedNMDAR-
mediated miniature excitatory post-synaptic currents (mEPSCs)
without affecting AMPAR-mediated mEPSCs in cultured rat
hippocampal neurons (13).

In cultured rat hippocampal neurons, once internalized,
antibody-bound NMDAR traffic through recycling endosomes
and lysosomes, but do not induce compensatory changes in
glutamate receptor gene expression (14). The internalized
antibody-receptor complexes co-localize rather with RAB11-
positive recycling endosomes than with Lamp1-positive
lysosomes suggesting subsequent recycling and exocytosis (14).
The process of NMDAR internalization plateaus after 12 h,
reaching a steady state that persists throughout the duration
of the antibody treatment (14), likely reflecting a state of
equilibrium between the rate of receptor internalization and the
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rate of receptor (re-)insertion from different compartments into
the surface membrane (14).

Probably due to the lack of blood-brain barrier disruption
in NMDAR encephalitis and subsequent lack of relevant
complement concentrations in the cerebrospinal fluid,
as well as internalization of NMDAR together with the
autoantibodies, no complement depositions or major neuronal
loss could be detected in biopsy specimens of patients with
NMDAR encephalitis, despite large numbers of intracerebral
autoantibody-secreting plasma cells (18, 19). Indeed, fully
reversible impairment of behavior and memory occurs in mice
receiving passive intrathecal transfer of NMDAR autoantibodies
(20, 21) that is prevented by co-application of ephrin (22).

The effects on receptor-mediated currents are rather small
in heterologous expression systems and do not allow for
mechanistic studies on autoantibody-induced neurotransmitter
receptor internalization and trafficking in anti-NMDAR
encephalitis and other forms of autoimmune encephalitis
(21). Thus, the aim of this study was to develop an assay
suitable to study in molecular detail the mechanism of
autoantibody-induced NMDAR endocytosis, vesicular
trafficking, and exocytosis and potentially to study novel
small-scale specific molecular-based therapies for autoimmune
encephalitis syndromes.

MATERIALS AND METHODS

Construction of NMDAR Expression

Vectors
NMDAR constructs were kindly provided by Prof. Michael
Hollmann, Receptor Biochemistry, Faculty of Chemistry and
Biochemistry, Ruhr University Bochum, Germany. cDNAs
encoding the rat GluN1-1a and GluN2B NMDAR subunits
were sub-cloned into the pEGFP-N1 and pECFP-N1 mammalian
expression vectors, respectively. To allow for the visualization
of the subunits, enhanced cyan fluorescent protein (ECFP),
and enhanced green fluorescent protein (EGFP) were inserted
in-frame at the N-terminus of the subunits. The subunit-
containing plasmids were amplified via growth in E. coli followed
by purification based on a modified alkaline lysis procedure
(QIAGENMiniprep kit).

The generation of PSD-95 as well as WT and DN RAB5
and RAB11 expression vector constructs has been described
elsewhere (5, 23).

HEK 293T Cell Co-transfection
HEK 293T cells were cultured in growth media comprising
high-glucose Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (FBS), non-essential
amino acids (NEAA), Pen-Strep, and 2mM glutamine. Two
days prior to transfection, exponentially growing cells were
seeded on poly-D-lysine-coated glass bottom 96-well-plates to a
density of approximately 5.0–8.0 × 105/well. Two hours prior
to co-transfection, the culture medium was replaced with fresh
culture medium. HEK 293T cells were then transiently co-
transfected with the cDNAs (0.25 µg GluN1-1a-EGFP and 0.25
µg GluN2B-ECFP) encoding the NMDAR subunits as well as

PSD-95, or WT, or DN RAB proteins using the FuGene HD
(Promega Corporations) transfection technique according to
manufacturer’s instructions or left untransfected. 24 h post co-
transfection, cells were seeded onto poly-D-lysine-coated glass
bottom 96-well-plates. Confocal laser-scanning microscopy was
used to quantify cell-surface NMDAR density (×63 glycerol
objective; TCS-SP5 Leica- Microsystems, Germany).

pH-rhodamine Labeling of a Human

Recombinant Monoclonal GluN1

Autoantibody
Generation of a recombinant human monoclonal GluN1
autoantibody (GluN1-aAb) engineered from clonally expanded
intrathecal plasma cells of a patient with anti-NMDAR
encephalitis has recently been described (21). Labeling of GluN1-
aAb was performed using a pHrodoTM Red Microscale Labeling
Kit (Thermofisher Scientific) according to the recommendations
of the supplier. Briefly, 100 µL of GluN1-aAb solution (1 mg/mL
in PBS) were transferred to a “component D” containing reaction
tube and supplemented with 10 µL of 1M sodium bicarbonate.
pHrodo red succinimidyl ester was dissolved in 10 µL of DMSO.
From the resulting solution, 0.70 µL (as calculated according
to the equation 1 of the labeling kit’s protocol) was added
to the reaction tube containing the pH-adjusted GluN1-aAb.
This reaction mixture was incubated for 15min at RT to allow
conjugation. For separation from unbound dye, the reaction
mix was spun through a resin-containing column (provided
with the kit) at 1,000 g for 5min. The purified pH-rhodo red
labeled GluN1-aAb (GluN1-aAbpH−rhod) was recovered from the
collection tube and stored aliquoted at −20◦C, while unbound
dye remained in the resin.

Co-incubation of GluN1-aAbpH-rhod With

HEK 293T Cells Expressing

GluN1-1a-EGFP/GluN2B-ECFP NMDARs

and Fluorescence Intensity Analysis
The rhodamine fluorophore possesses a well-known pH- and
temperature-dependent fluorescence quantum yield (24), which
decreases linearly as pH and temperature increases (25). These
physicochemical properties needed to be considered in our
experimental setting.

Untransfected or co-transfected HEK 293T cells from the
same 96-well-plate were incubated with GluN1-aAbpH−rhod at
a concentration of 4µg/ml in phosphate-buffered saline (PBS,
pH 7.4) for 2min. After that, unbound GluN1-aAbpH−rhod was
washed-out by superfusing 96-wells with PBS to yield cell-
bound GluN1-aAbpH−rhod fluorescence. Wells on the same 96-
well-plate without cells incubated with GluN1-aAbpH−rhod at
a concentration of 4µg/ml in PBS without wash-off served as
control. All incubations were conducted at 4◦C on ice to prevent
endocytosis prior to recordings.

Subsequently, fluorescence of GluN1-EGFP and GluN1-
aAbpH−rhod was excited at 480 and 520 nm and detected
at 510 nm (confocal imaging) and 580 nm (plate reader),
respectively, verifying GluN1-1a-EGFP expression and
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presence of the GluN1-aAb-bound rhodamine fluorescence
(GluN1-aAbpH−rhod).

Subsequently, the temperature was increased rapidly from
4 to 30◦C to allow for endocytosis, and pH-rhodamine-
fluorescence was repetitively excited at 520 nm and the emission
was detected at 580 nm. The overall pH-rhodamine fluorescence
decreased exponentially with time reaching a steady state after
approximately 500 s mainly reflecting the known temperature-
dependent fluorescence quantum yield of rhodamine under all
experimental conditions.

The steady state pH-rhodamine-fluorescence intensity at
580 nm after 500 s of HEK 293T cells expressing GluN1-
1a-EGFP/GluN2B-ECFP NMDARs was significantly higher
compared to untransfected HEK 293T cells and served as
a cumulative measure of endocytosis of GluN1-aAbpH−rhod

bound to the NMDAR with subsequent acidification within
endosomes and/or lysosomes and exocytosis. This allowed for
mechanistic studies in HEK 293T cells expressing GluN1-1a-
EGFP/GluN2B-ECFP NMDARs co-transfected with scaffolding
protein PSD-95 as well as RAB5WT and RAB5DN (mediating
vesicle endocytosis) and RAB11WT or RAB11DN (mediating
vesicle exocytosis).

Statistical Analysis
Data was analyzed using Origin 9 (OriginLab Corporation). One-
way ANOVA followed by multiple pair-wise comparisons with
Bonferroni’s post-hoc correction was used to statistically analyze
differences in fluorescence intensity; p ≤ 0.05 were considered as
significant; data in figures were expressed as mean ± SEM. All
experiments were performed in triplicates.

RESULTS

To assess in detail the molecular mechanisms of NMDAR
autoantibody-induced NMDAR endocytosis, vesicular
trafficking, and exocytosis we transiently expressed rat GluN1-
1a-EGFP and GluN2B-ECFP alone or together with PSD-95 or
with WT- or DN-mutant RAB proteins (RAB5WT, RAB5DN,
RAB11WT, RAB11DN) in HEK 293T cells. As a control, HEK
293T cells were left untransfected.

The cells were incubated with a pH-rhodamine-labeled
human recombinant monoclonal GluN1 IgG1 autoantibody
[GluN1-aAbpH−rhod, (21)].

We surmised that the pH-rhodamine fluorescence is increased
during the ensuing internalization of the NMDAR-autoantibody
complex, due to the acidic luminal pH of endosomes and
lysosomes. This might allow for mechanistic assessment of
endocytosis, vesicular trafficking in both vesicular compartments
and exocytosis of the NMDAR-autoantibody complex (for assay
design see Figure 1).

In a first set of experiments, HEK 293T cells were transiently
co-transfected only with rat GluN1-1a-EGFP and GluN2B-ECFP
or left untransfected. After 2 days, expression of fluorescently
labeled NMDARs was verified using confocal laser-scanning
microscopy. About 70–80% of the cells expressed GluN1-1a-
EGFP as subunit putatively targeted by the GluN1-aAbpH−rhod

(Figure 2A) and GluN2B-ECFP (data not shown). Longer

FIGURE 1 | Assay design showing HEK 293T cells transiently expressing rat

GluN1-1a-EGFP/GluN2B-ECFP incubated with GluN1-aAbpH−rhod in

96-well-plates under variable conditions in parallel.

expression times or higher amounts of NMDAR-cDNA for
transfections decreased expression levels, supposedly due to
cytotoxic effects of pronounced overexpression of NMDARs.

Next, GluN1-1a-EGFP- and GluN2B-ECFP-transfected and
untransfected cultured cells were incubated with GluN1-
aAbpH−rhod. The incubation was performed at 4◦C to stop
ongoing endocytosis. After that, unbound GluN1-aAbpH−rhod

was washed-off. As a control, wells without cells were incubated
with GluN1-aAbpH−rhod without wash-off.

Subsequently, GluN1-1a-EGFP and GluN1-aAbpH−rhod

fluorescence was excited at 480 nm and 520 nm and measured
at 510 and 580 nm, respectively, verifying GluN1-1a-EGFP
expression of transfected but not untransfected cells and
presence of the GluN1-aAb-bound rhodamine fluorescence
(GluN1-aAbpH−rhod, Figure 2B).

The plate was subsequently transferred to a fluorescence
plate reader for time-resolved detection of the pH-rhodamine
fluorescence intensity at 30◦C. The temperature was increased
rapidly from 4–30◦C to start endocytosis, and pH-rhodamine-
fluorescence was repetitively excited at 520 nm and the emission
was detected at 580 nm. The overall rhodamine fluorescence at
580 nm decreased exponentially with time, reaching a steady
state after approximately 500 s (Figure 3B) mainly reflecting the
known temperature-dependent fluorescence quantum yield of
rhodamine (24–26) under all experimental conditions.

Of note, the fluorescence-spectrum did not change over
time (Figure 3A), illustrating that pH-rhodamine fluorescence
was detected throughout the experiments. Moreover, steady-
state fluorescence intensities of empty wells without wash-off of
GluN1-aAbpH−rhod were much larger than those of wells with
HEK 293T cells illustrating the known background fluorescence
of pH rhodamine at neutral pH of 7.4 in PBS (roughly 1/3 of the
maximal fluorescence at acidic pH of 4.0) and thus the necessity
of the washing step (Figure 3B).
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FIGURE 2 | (A) HEK 293T cells co-expressing rat GluN1-1a-EGFP and GluN2B-ECFP. 2 days after transfection, expression of fluorescently labeled NMDARs was

verified using confocal laser-scanning microscopy. About 70–80% of the cells expressed GluN1-1a-EGFP as subunit putatively targeted by the GluN1-aAbpH−rhod

(upper panel) and GluN2B-ECFP (data not shown). Light microscopy demonstrates typical cell densities (lower panel). (B) Binding of GluN1-aAbpH−rhod to the

NMDAR subunits as determined by the plate reader experiment. HEK 293T cells expressing GluN1-1a-EGFP/GluN2B-ECFP were incubated with GluN1-aAbpH−rhod

on ice in 96-well-plates. GluN1-1a-EGFP and GluN1-aAbpH−rhod fluorescence was excited at wavelengths of 480 nm and 520 nm and emission measured at

wavelengths of 510 and 580 nm, respectively, verifying the GluN1-1a-EGFP expression and the binding of GluN1-aAbpH−rhod.

FIGURE 3 | (A) Spectra of the GluN1-aAbpH−rhod fluorescence. The overall fluorescence at 580 nm decreased over time reaching a steady state after approximately

500 s mainly reflecting the known temperature-dependent fluorescence quantum yield of rhodamine (24–26) elicited by elevating the temperature for 4–30◦C at the

beginning of the experiment under all experimental conditions. During this decay, the excitation spectrum did not shift/change indicating that indeed

pH-rhodamine-fluorescence was detected throughout the whole experiment. (B) Representative time-dependent traces of the GluN1-aAbpH−rhod fluorescence

without wash-off of the unbound GluN1-aAbpH−rhod in PBS at pH 7.4 (black trace) and after wash-off of unbound GluN1-aAbpH−rhod in wells seeded with HEK 293T

cells expressing GluN1-1a-EGFP/GluN2B-ECFP (blue trace) or untransfected HEK 293T cells (red trace). The steady state pH-rhodamine-fluorescence intensity at

580 nm after 500 s of HEK 293T cells expressing GluN1-1a-EGFP/GluN2B-ECFP NMDARs was significantly higher compared to the background fluorescence of

untransfected HEK 293T cells and served as a cumulative measure of endocytosis of GluN1-aAbpH−rhod bound to the NMDAR with subsequent acidification within

endosomes and/or lysosomes and exocytosis.

The steady state pH-rhodamine-fluorescence intensity at
580 nm after 500 s of HEK 293T cells expressing GluN1-
1a-EGFP/GluN2B-ECFP NMDARs was significantly higher

compared to the background fluorescence of untransfected HEK
293T cells (Figure 4) and served as a cumulative measure of
endocytosis of GluN1-aAbpH−rhod bound to the NMDAR with
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FIGURE 4 | The co-expression of GluN1-1a-EGFP/GluN2B-ECFP NMDARs

with the scaffolding protein PSD-95 significantly reduced the cumulative

steady state pH-rhodamine-fluorescence intensity at 580 nm after 500 s

toward background levels of untransfected HEK 293T cells. In contrast,

co-transfection with RAB5WT or RAB5DN (mediating/inhibiting endocytosis)

or RAB11 WT or RABDN (mediating/inhibiting exocytosis) did not significantly

affect the cumulative steady state pH-rhodamine-fluorescence intensity at

580 nm after 500 s in this heterologous expression system. One-way ANOVA

followed by multiple pair-wise comparisons with Bonferroni’s post-hoc

correction was used to statistically analyze differences in fluorescence

intensity; p ≤ 0.05 were considered as significant (*); data are expressed as

mean ± SEM. All experiments were performed in triplicates.

subsequent acidification within endosomes and/or lysosomes
and exocytosis. This allowed for mechanistic studies in HEK
293T cells expressing GluN1-1a-EGFP/GluN2B-ECFP NMDARs
co-transfected with scaffolding protein PSD-95 as well as WT
and DN RAB5 (mediating vesicle endocytosis) and RAB11
(mediating vesicle exocytosis).

The co-expression of GluN1-1a-EGFP/GluN2B-ECFP
NMDARs with the scaffolding protein PSD-95 significantly
reduced the cumulative steady state pH-rhodamine-fluorescence
intensity at 580 nm after 500 s toward background levels of
untransfected HEK 293T cells (Figure 4). In contrast, co-
transfection with RAB5WT or RAB5DN (mediating/inhibiting
endocytosis) or RAB11 WT or RABDN (mediating/inhibiting
exocytosis) did not significantly affect the cumulative steady state
pH-rhodamine-fluorescence intensity at 580 nm after 500 s in
this heterologous expression system (Figure 4).

DISCUSSION

NMDARs are among the most important excitatory receptors
in the human brain. NMDAR autoantibodies cause encephalitis
by binding to NMDARs, transducing conformational changes
and subsequent endocytosis (21, 27). Recently, we showed
that pre-incubation for an hour of a recombinant human
monoclonal GluN1 autoantibody engineered from clonally
expanded intrathecal plasma cells of a patient with anti-NMDAR

encephalitis reduced NMDAR-mediated currents recorded from
Xenopus laevis oocytes by about 20% (21). This result is similar
to previous results in Xenopus laevis oocytes, showing a time-
dependent inhibition of steady-state NMDAR-mediated currents
of about 30% within 16min upon exposure to dialysed sera
of patients with anti-NMDAR encephalitis (28). To record
NMDAR-mediated currents in Xenopus laevis oocytes (and
other heterologous expression systems), it is required to use
Ca2+-free media to block current inactivation (29). This might
explain the rather small antibody-mediated action in oocytes
(and probably other heterologous expression systems) compared
to the pronounced effects on NMDAR expression on neuronal
cell surface in vitro, ex vivo, and on memory impairment
in vivo in mice. The Ca2+-free recording conditions may cause
conformational changes of the NMDAR induced by binding
of the antibody or modulate antibody binding itself and thus
diminish subsequent receptor cross-linking and internalization.

These effects on receptor-mediated currents in Xenopus
laevis oocytes (and other heterologous expression systems) do
not allow for further mechanistic studies on autoantibody-
induced neurotransmitter receptor internalization and trafficking
in anti-NMDAR encephalitis and other forms of autoimmune
encephalitis (30). Thus, the aim of this study was to develop an
assay suitable for this kind of study.

We used a pH-rhodamine labeled single recombinant human
GluN1 IgG1 autoantibody [GluN1-aAbpH−rhod, (21)]. This
monoclonal autoantibody has previously been shown to evoke
all effects of natural NMDAR autoantibodies contained in
cerebrospinal fluid of patients with anti-NMDAR encephalitis
in vitro and in vivo (21).

We tested the effects of GluN1-aAbpH−rhod incubation on
NMDAR endocytosis, trafficking, and exocytosis mechanisms in
HEK 293T cells co-transfected with EGFP-tagged GluN1-1a and
ECFP-tagged GluN2B subunits alone or together with PSD-95
or WT- or DN-mutant RAB 5 (mediating endocytosis) and 11
(mediating exocytosis) proteins.

Endocytosis, intracellular trafficking, and exocytosis of the
antibody-receptor complex is mediated by transporting vesicles
with acidic luminal pH. Thus, we took advantage of this
fact, as we found that the use of the steady state GluN1-
aAbpH−rhod fluorescence in HEK 293T cells expressing GluN1-
1a-EGFP/GluN2B-ECFP NMDARs was significantly higher
compared to the background fluorescence of untransfected HEK
293T cells. Thus, this steady state fluorescence served as a
cumulative measure of endocytosis of GluN1-aAbpH−rhod bound
to the NMDAR with subsequent acidification within endosomes
and/or lysosomes and exocytosis.

Using this approach we could demonstrate a role for PSD-95
for stabilization of NMDAR in the cell membrane in the presence
of NMDAR autoantibodies. This suggests that autoantibody-
induced depletion from the cell membrane predominantly affects
extra-synaptic NMDARs not associated with PSD-95 and to
a lesser extent synaptic NMDARs. This finding is consistent
with the notion that autoantibodies through dissociation from
clustering ephrinB2 receptors lead to lateral diffusion of synaptic
NMDARs within the neuronal cell membrane out to the synapse
where they become cross-linked and internalized as extra-
synaptic NMDARs (17, 31). Cell membrane stabilization of
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synaptic NMDARs [displaying pro-survival functions (32)] and
internalization of extra-synaptic NMDARs [displaying cell-death
promoting functions (32)] is further consistent with the lack
of overt neurodegeneration in NMDAR encephalitis despite
excitotoxic excessive extracellular levels of glutamate (33–35).

Endocytosis, intracellular trafficking and exocytosis are
under the guidance of small G-proteins of the RAB type. The
use of functional WT and DN mutants has been previously
successful in identification of intracellular trafficking pathways
of glutamate receptors (36). We found that co-transfection
with WT or DN RAB5 (mediating/inhibiting endocytosis)
did not affect the cumulative steady state GluN1-aAbpH−rhod

fluorescence intensity, whereas the cumulative steady state
GluN1-aAbpH−rhod fluorescence intensity was tentatively
lowered by co-transfection with WT RAB11 (mediating
exocytosis) and tentatively augmented by co-transfection with
RAB11DN (inhibiting exocytosis) compared to expression of
NMDARs alone. This lack of overt effects of RAB proteins on
endocytosis, trafficking and exocytosis of the antibody-receptor
complex in our assay is probably due to the overlay by the
temperature-dependent fluorescence decrease the amplitude of
which is roughly as large as the steady state amplitude of the
pH-dependent fluorescence increase upon internalization of
the antibody-receptor complex. These opposing effects hinder
detailed kinetic analysis of the autoantibody-induced vertical
trafficking of the NMDAR performed here.

Hence, given the necessity of washing-off unbound GluN1-
aAbpH−rhod and halting trafficking during that time by lowering
the temperature due to the residual rhodamie fluorescence
at pH 7.4 in PBS, the use of fluorophores (that inevitably
are also concordantly temperature-sensitive) with an optimized
pH-dependence i.e., no fluorescence at physiological pH of
7.4 might be better suited for our assay. They would enable
synchronic adding of the labeled antibody to the cells cultured
in PBS at pH 7.4 at constant temperature of 30◦C and thus
time-resolved tracking of fluorescence increase upon antibody-
receptor internalization.

Taken together, we demonstrate a role for PSD-95 for
stabilization of NMDAR in the cell membrane of HEK 293T cells
in the presence of NMDAR autoantibodies, while RAB proteins
did not exert a significant effect on vertical trafficking of the
internalized NMDAR autoantibody complex in this heterologous
expression system.

Our assay should be sensitive enough to study novel
small-scale specific molecular-based therapies for autoimmune
encephalitis that may become feasible as follows:

1) Autoantibody binding to the GluN1 subunit and subsequent
induction of conformational changes in the NMDAR could be
blocked by antibody fragments, for example. However, with
existence of a multitude of autoantibody epitopes within the
NMDAR, this approach may not be successful.

2) The autoantibody binding-induced conformational changes
within the NMDAR. Small molecule allosteric modulators
have recently been developed (5, 37, 38). Potentially, these
compounds may be used to block the conformational
changes induced by GluN1-aAbpH−rhod binding and thus
inhibit internalization.

3) Inhibition of the GluN1-aAbpH−rhod-induced internalization.
To achieve this, general cellular trafficking pathways have to
be blocked. It is questionable if such an approach can be
tolerated by patients and would not cause severe side effects.

Taking these considerations into account, development and use
of small molecule allosteric modulators may represent a group
of drug candidates for anti-NMDAR encephalitis and other
forms of autoimmune encephalitis. Evidenced by the relatively
robust novel assay, they may be used to screen for compounds
that block autoantibody-induced NMDAR cross-linking and
internalization. This should always be accompanied by NMDAR
stabilization within the synapse to avoid accumulation of
NMDAR at extra-synaptic sides of the cell membrane potentially
promoting excitotoxic cell death in NMDAR encephalitis.

Therefore, screening results obtained with our assay in
HEK 293T overexpressing NMDAR should always be validated
using super-resolution microscopy in cultured living neurons
and brain slices exhibiting physiological expression levels and
subcellular localization of NMDARs.

CONCLUSION

This novel assay allows to unravel molecular mechanisms
of autoantibody-induced receptor internalization and to
study novel small-scale specific molecular-based therapies for
autoimmune encephalitis syndromes.
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Parkinson’s disease is a common multisystem neurodegenerative disorder characterized

by typical motor and non-motor symptoms. There is an urgent need for biomarkers for

assessment of disease severity, complications and prognosis. In addition, biomarkers

reporting the underlying pathophysiology assist in understanding the disease and

developing neuroprotective therapies. Ultimately, biomarkers could be used to develop

a more efficient personalized approach for clinical trials and treatment strategies.

With the goal to improve quality of life in Parkinson’s disease it is essential to

understand and objectively monitor non-motor symptoms. This narrative review provides

an overview of recent developments of biomarkers (biofluid samples and imaging) for

three common neuropsychological syndromes in Parkinson’s disease: dementia, fatigue,

and depression.

Keywords: Parkinson’s disease, biomarker, non-motor syndromes, depression, fatigue, dementia

INTRODUCTION

Parkinson’s disease (PD) is now considered as progressive and multisystem α-synucleinopathy.
Therefore, PD is characterized not only by motor symptoms, but also a broad range of non-
motor symptoms (NMS) (1). NMS can aggravate disease burden and significantly contribute to
worsening of quality of life (2). Biomarkers which are associated with worse motor performance as
well as development of NMS are of special importance in PD. A biomarker is “a characteristic that
is objectively measured and evaluated as an indicator of normal biological processes, pathogenic
processes, or pharmacologic responses to a therapeutic intervention” (3). The ideal PD biomarkers
should have a reasonable effect size, are reproducible across different cohorts and are ideally verified
in neuropathological proven PD cases. Biomarkers in PD can include (i) biomarker for prodromal
stage to identify PD before motor symptoms occur, (ii) biomarkers of susceptibility to identify
persons who are at risk for PD, (iii) biomarkers for motor and non-motor burden to assess disease
severity and monitor the efficacy of therapies. The last one can help to identify patients who are
at risk to develop complications and may lead to individual optimization and prevention in health
care. This review provides an update on recent advances in the development of biomarkers (biofluid
samples and neuroimaging) for three common neuropsychological syndromes: dementia, fatigue
and depression.

COGNITIVE IMPAIRMENT

Cognitive deficits are common in PD and can present as mild dysfunction in the prodromal
and early stages, or as dementia (PDD) in advanced stages (4). Approximately 20%
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of patients with de novo PD have mild cognitive impairment
(MCI) (5). The concept of PD-MCI was introduced 2012 (MDS
Task Force) and characterizes a cognitive decline that is assessed
during neuropsychological testing but does not impair activities
of daily living (6). MCI is considered an intermediate state of
cognitive dysfunction in PD that may progress to PDD. Up
to 75% of patients will develop dementia over the longterm
disease course (7). However, the rate to PDD, the cognitive profile
and severity of cognitive dysfunction show high interindividual
variation. Given its high medical and social impact and its
health-related costs, the identification of biomarkers for PDD
is of high priority (8). Biomarkers reflecting cognitive decline
can facilitate early diagnosis and may indicate response to
therapeutic interventions.

Clinical factors, such as higher age, male sex, low level
of education, longer disease duration, higher Hoehn &
Yahr stage, axial impairment, excessive daytime sleepiness,
cardiovascular autonomic dysfunction, REM sleep behavior
disorder, hallucinations and PD-MCI were found to strongly
predict the development of PDD (9–13). Moreover, impairment
of memory and language (posterior-cortical dysfunction) seems
to be linked to a higher risk of PDD (14, 15).

Given the neuropathology of PDD several studies aimed to
identify biomarkers which reflect proteinopathy, neuronal loss,
abnormal neurotransmitters, and structural and functional brain
changes. Lewy bodies and amyloid plaques in the neocortex
and limbic system are typical neuropathological features of
Alzheimer’s disease and PDD (16, 17). Hence, the majority
of studies investigated amyloid-ß 1–42 (Aß), tau protein, and
α-synuclein in the cerebrospinal fluid (CSF) of PD patients
(Table 1). In many studies the level of Aß was reduced in PDD.
Low CSF levels of Aß were found to be related to deterioration
in attention, executive function, semantic fluency and memory
(21, 38, 40, 45). One-half of PDD patients had the CSF biomarker
signature of Alzheimer’s disease (46) suggestive of an overlap
with Alzheimer’s disease pathology (47). Low baseline CSF Aβ

was associated with more rapid cognitive decline later in disease.
By contrast, the levels of total (t-tau) and phosphorylated tau (p-
tau) were found to be increased or unchanged in PDD (Table 1).
For clinicians it is highly relevant to know which biomarkers
accurately predict the progression from MCI to PDD. Therefore,
based on the data from cross-sectional and longitudinal studies
one can assume that reduced Aß predicts cognitive decline in
PD (40, 42, 48).

Several studies assessed the CSF levels of α-synuclein in PD.
Meta-analyses demonstrated that total α-synuclein levels are
lower in PD compared to controls (49, 50). However, in terms
of α-synuclein and cognitive decline there are conflicting results
with both low and high levels in the presence of cognitive
impairment (29, 41, 48). In the DATATOP study with up
to 8 years of follow-up, lower α-synuclein levels predicted
better preservation of cognitive function (verbal learning and
memory, visuospatial working memory) in early disease. Thus,
α-synuclein may reflect changes in multiple cognitive domains
and may predict cognitive decline in PD (29, 41, 48). On
the other hand most studies of non-demented PD failed to
find any association between α-synuclein levels and cognition

(51, 52). It seems that CSF α-synuclein levels may increase
with disease stage. This could explain why cognitive deficits
in connection with high levels of α- synuclein were found in
more advanced disease stages (53). Isoforms of α-synuclein (e.g.,
phosphorylated, ubiquitinated, oligomeric) are potentially more
sensitive to cognitive decline than the total α-synuclein level
(24, 30). Another study examining plasma levels of α-synuclein
found higher levels in PDD and a correlation with mini mental
state examination scores (54). This finding, however, requires
further investigations.

In another longitudinal study, high neurofilament light chain
protein, low Aβ and high heart fatty acid–binding protein
at baseline were related to future PDD with a relatively
high diagnostic accuracy (19). Also several serum proteins,
such as C-reactive protein, interleukins, interferon-γ, tumor
necrosis factor α, uric acid, and cystatin C were found to be
associated with cognition in PD (55). In particular, low uric
acid concentrations, low levels of epidermal growth factor (EGF)
and insulin-like growth factor (ILGF) seems to have predictive
value for deterioration of cognitive function in PD (56–61). In
combination with clinical markers, a study of 390 patients from
the Progression Markers Initiative study with newly diagnosed
PD, the occurrence of cognitive impairment at 2 years follow-up
could be predicted with good accuracy using a model combining
information on age, non-motor assessments, DAT imaging,
and CSF biomarkers. Here, the Montreal Cognitive Assessment
(MoCA) scores and low CSF Aβ to t-tau ratio and DAT
imaging results were the best predictors of cognitive impairment
(39). Using data from the Parkinson’s Progression Markers
Initiative, Fereshtehnejad et al., identified distinct subgroups
via a cluster analysis of a comprehensive dataset consisting of
clinical characteristics, neuroimaging, biospecimen and genetic
information. Here, the CSF biomarkers differed between these
PD subtypes. Patients with diffuse malignant disease course and
fast cognitive decline, showed an Alzheimer’s disease-like CSF
profile (low Aβ, low Aβ/t-tau ratio) (62).

Applying computerized neuroimaging analyses several MRI
studies have found gray matter atrophy and disruptions of white
matter integrity in PDD, although findings in non-demented
PD and PD-MCI remain inconsistent (63) (Tables 2, 3). A
longitudinal study using voxel-based morphometry (VBM)
found neocortical volume reduction (temporo-occipital region,
hippocampal and parahippocampal) as the most relevant finding
in patients who develop PDD (97). Another study has identified
a validated Alzheimer’s disease pattern of brain atrophy as an
independent predictor of cognitive impairment in PD (64). More
specifically cortical thinning in the right precentral, frontal, and
in the anterior cingulate cortex as well as gray matter atrophy
(prefrontal, insula, caudate nucleus, hippocampal) predicted
cognitive decline in PD (23, 66, 70, 76, 98). Cognitive impairment
was also found to be associated with lower gray matter
volume and increased mean diffusivity in the nucleus basalis of
Meynert, compared to non-demented patients. Moreover, these
changes were predictive for developing cognitive impairment
in cognitively intact patients with PD, independent of other
clinical and non-clinical markers of the disease (99). The
nucleus basalis of Meynert and the pedunculopontine nucleus
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TABLE 1 | Cerebrospinal-fluid (CSF) biomarkers of cognitive impairment and dementia in Parkinson’s disease.

Study CSF biomarker Participants Methods Result

Aß1-42 t- tau p-tau t-α-syn o-α-syn other

Alves et al. (18)* + + + PDND 104 MDS Task Force Low Aβ predicted early

dementia

Bäckström et al. (19)* + + + + + PDND 104

C 30

PSP 13

MSA 11

NFL

H-FABP

Low Aβ, NFL and H-FABP

predicted PDD

Brockmann et al. (20) + + PDND 353

PDD 103

Genetic variants

known to be

involved in

Aβ clearance

Risk variants in APOE and

cystatin C genes were

associated with lower Aβ

Compta et al. (21) + + PDND 20

PDD 20

C 30

MMSE

DSM-IV-R

MDS Task Force

PDD: ↑ t-tau

PDND: ↓ Aβ positively

correlated with

phonemic fluency

Compta et al. (22) + + + PDND 19

PDD 29

C 9

MMSE

MDS Task Force

PDD: ↓ Aβ

↑ t-tau and p-tau in

a subgroup

Compta et al. (23)* + + + PDND 27 MMSE

MDS Task Force

Low Aβ predicted PDD

Compta et al. (24) + + + + PDND 21

PDD 20

C 13

MMSE/PDD by

MDS Task Force

PDD: ↓ Aβ, ↑ t-tau,

↑ o-α-syn

Ffytche et al. (25) + PD 423

3-4 years

of follow-up

Compare baseline

structural imaging

and CSF data in

patients who go

on to develop

illusions or

hallucinations in

newly

diagnosed PD

Patients with early onset PD

psychosis: Aβ ↓

Gmitterová et al. (26) + + + + PDND 22

PDD 31

DLB 51

C 32

Discriminatory

potential of tau,

p-tau, Aβ, NSE

and S100B across

the spectrum

of LBD

PDD Aβ ↓, tau ↑

Rapid disease course not

associated with decrease

of Aβ

Halbgebauer et al. (27) + PDND 22

PDD 29

C 36

Modified serpinA1 PDD: acidic serpinA1

isoform ↑

Hall et al. (28) + + + + PDND 90

PDD 33

C 107

MMSE

MDS Task Force

PDD: ↑ p-tau, Aβ or t-α-syn

no differences

Hall et al. (29)* + + + + + PDND 42

C 69

Low Aβ predicted memory

decline, high α-syn

predicted reduced

cognitive speed

Hansson et al. (30) + + PDND 30

C 98

MMSE

MDS Task Force

PDD: ↑ o-α-syn

Janssens et al. (31) + + + + probable AD 52

FTD 59

DLB 39

PDD 14

C 88

young C 32

3-methoxy-4-

hydroxyphenylglycol

(MHPG)

Aβ young C > C > FTD >

PDD, DLB > AD

tau AD > FTD > PDD, DLB

> C > young C

p-tau AD > FTD =

PDD,DLB = C> young C

MHPG PDD, DLB > AD > C

(Continued)
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TABLE 1 | Continued

Study CSF biomarker Participants Methods Result

Aß1-42 t- tau p-tau t-α-syn o-α-syn other

Lindqvist et al. (32) + PDND 71

PDD 16

C 33

MMSE PDD: C-reactive protein ↑

IL6 ↑

TNF-Alpha →

Eotaxin→

MCP-1→

MIP-1beta→

IP-10→

Maetzler et al. (33) + PDND 14

PDD 12

MMSE PDD: Aβ ↓

Maetzler et al. (34) + + PDND 21

PDD 10

C 39

MMSE No difference

Maetzler et al. (35) + + PDND 77

PDD 26

C 72

MMSE

MDS Task Force

No difference

Modreanu et al. (36) + + + PD 37

PDD 21

PDD at

18-months 35

Spatial

disorientation,

memory

complaints over

disease course

PDD: Aβ ↓

tau and p-tau no difference

‘PDD -converters’ had

significantly lower Aβ

at baseline

Parnetti et al. (37) + + PDND 67

PDD 48

C 41

MMSE No difference

Parnetti et al. (38)* + + + + + PDND 44

Disease C 25

MMSE

MoCa

Low Aβ predicted more

rapid decline

Schrag et al. (39)* + + PDND 390

C 178

MoCa over 2 years Low Aβ/t-tau ratio predicts

cognitive decline

Siderowf et al. (40)* + + + PDND: 45 Dementia

rating scale

Low Aβ predicted rapid

decline in Dementia

rating scale

Stewart et al. (41)* + + + + PDND 350 Verbal memory,

cognitive

processing speed,

and visuospatial

working memory

Lower α-synuclein predicted

better preservation of

cognitive function

Terrelonge et al. (42)* + + + + PDND 341 Memory,

visuospatial,

working

memory–executive

function, and

attention

processing speed

Low Aβ predicted

cognitive impairment

Vranová et al. (43) + + PDND 27

PDD 14

C 14

MMSE

MDS Task Force

PDD: ↑ t-tau/ Aβ index

Aβ or t-tau no differences

Wennström et al. (44) +

PDND 38

PDD 22

C 52

MMSE

MDS Task Force

No difference

PD, Patients with Parkinson’s disease; PD-MCI, Parkinson’s disease patients with mild cognitive impairment; PDD, Parkinson’s disease patients with dementia; PDND, non-demented

PD; MSA, multiple system atrophy; PSP, progressive supranuclear palsy; AD, Patients with Alzheimer’s disease; DLB, Dementia with Lewy body; C, Controls; MoCA, Montreal Cognitive

Assessment; MMSE, Mini Mental Status Examination; Aβ, Aβ1–42 amyloid; NFL, neurofilament light chain protein; H-FABP, heart fatty acid-binding protein; *longitudinal studies.

in the brainstem are important cholinergic projections in and
post-mortem studies have shown that neuronal loss in in the
nucleus basalis is an early phenomenon in PD (100, 101).
Combining many modalities, Compta et al. (23) performed a

longitudinal study in non-demented PD patients including CSF,
neuropsychological and MRI studies at baseline and 18 months
follow up. Here, a combination of lower CSF Aβ, reduced verbal
learning, semantic fluency and visuoperceptual scores, as well
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TABLE 2 | Cortical and subcortical structural changes related to cognitive impairment and dementia in Parkinson’s disease.

Study Participants Methods Result

Weintraub

et al. (64)

PDND 60 VBM* In PD-MCI hippocampal and temporal gray matter atrophy.

Melzer et al.

(65)

PDND 57

PD-MCI 23

PDD 16

C 34

VBM In PD-MCI gray matter atrophy in temporal, parietal, frontal cortex, amygdala, right putamen,

and hippocampus.

In PDD additional atrophy in medial temporal lobe, lingual gyrus, posterior cingulate gyrus, and

bilateral caudate.

Lee et al. (66) PD-MCI 51

C 25

VBM* PD-MCI to PDD converters had lower GM density in the left prefrontal areas, left insular cortex

and bilateral caudate nucleus compared with that in PD-MCI non-converters.

Borroni et al.

(67)

PDND11

PDD 10

LBD 13

C 10

VBM In PDD bilateral frontal and subcortical (caudate nucleus) gray matter atrophy.

Duncan et al.

(68)

PDND 125

C 50

VBM

DTI

Frontal and parietal gray matter volume reductions were associated with reduced executive

function. Increased mean diffusivity was associated with performance on the semantic fluency

and Tower of London tasks in frontal and parietal white matter tracts.

Hattori et al.

(69)

PDND 32

PD-MCI 28

PDD 25

DLB 29

C 40

VBM

TBSS

In PDD more atrophy in the cerebellum, thalami, insula, parietal cortex and occipital cortex.

Kandiah et al.

(70)

PDND 97 Hippocampal volume

White

matter hyperintensities*

Hippocampal volume predicts PD-MCI and PDD.

Rektorova

et al. (71)

PDND 75

PD-MCI 29

PDD 22

Spatial Independent

Component Analysis

In PDD gray matter volume reductions in the hippocampus and temporal lobes, fronto-parietal

regions and increases in the midbrain/cerebellum correlated with visuospatial deficits and letter

verbal fluency, respectively.

Biundo et al.

(72)

PDND 15

PD-MCI 14

HC 21

Cortical thickness In PD-MCI cortical thinning in right supramarginal, dorsolateral prefrontal cortex, hippocampus,

orbito-frontal, fusiform, superior parietal, and cuneus.

Pereira et al.

(73)

PDND 90

PD-MCI 33

H 56

Cortical thickness In PD-MCI cortical thinning in left precuneus, inferior temporal precentral, superior parietal, and

lingual regions.

Hanganu

et al. (74)

PDND 15

PD-MCI 17

H 18

Cortical thickness * In PD-MCI thinning in temporal and medial occipital lobe, nucleus accumbens and amygdala

correlate with cognitive decline.

Ibarretxe-

Bilbao et al.

(75)

PDND 16

C 15

Cortical thickness* In PD cortical thinning in bilateral fronto-temporal regions and reduced amygdala volume.

Mak et al. (76) PDND 66

PD-MCI 39

H 37

Cortical thickness* PD-MCI converters showed bilateral temporal cortex thinning at baseline.

Hwang et al.

(77)

PDND 12

PDD 11

C 14

Cortical pattern

matching

Cortical thickness

PDD showed thinning bilateral sensorimotor, lateral parietal, right posterior cingulate,

parieto-occipital, inferior temporal and lateral frontal relative to C and PDND.

Zarei et al.

(78)

Early PD 24

moderate PD

18

PDD 15

C 39

Cortical thickness MMSE correlated positively with cortical thickness in the anterior temporal, dorsolateral

prefrontal, posterior cingulate, temporal fusiform and occipitotemporal cortex.

Pagonabarraga

et al. (79)

PDND 26

PD-MCI 26

PDD 20

C 18

Cortical thickness From PDND to PDD a linear and progressive cortical thinning was observed in areas

functionally specialized in declarative memory (entorhinal cortex, anterior temporal pole),

semantic knowledge (parahippocampus, fusiform gyrus), and visuoperceptive integration

(banks of the superior temporal sulcus, lingual gyrus, cuneus and precuneus).

Carlesimo

et al. (80)

PDND 25

C 25

DTI Increased mean diffusivity in the PD hippocampi; high hippocampal mean diffusivity values

obtained low memory scores.

Chen et al.

(81)

PDND 19

PDD 11

C 21

DTI In PDD lower fractional anisotropy in the left hippocampus, higher mean diffusivity in

widespread white matter regions. In PD positive correlation between MoCA score and

fractional anisotropy of left inferior longitudinal and hippocampus, and bilateral superior

longitudinal fasciculus.

PD, Patients with Parkinson’s disease; PD-MCI, Parkinson’s disease patients with mild cognitive impairment; PDD, Parkinson’s disease patients with dementia; PDND, non-demented

PD; DLB, Dementia with Lewy body; C, Controls; MoCA, Montreal Cognitive Assessment; MMSE, Mini Mental Status Examination; * longitudinal studies.
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TABLE 3 | Changes of function and connectivity related to cognitive impairment and dementia in Parkinson’s disease.

Study Participants Methods Result

Gorges et al.

(82)

PDND 14

PDD 17

C 22

Resting-state fMRI In PDND hyperconnectivity (network expansions) in cortical, limbic, and basal

ganglia-thalamic areas. In PDD decreased intrinsic functional connectivity compared

with controls (predominantly between major nodes of the default mode network).

Baggio et al.

(83)

PDND 32

PD-MCI 23

C 36

Resting-state fMRI In PD-MCI reduced connectivity between dorsal attention network and right

fronto-insular regions (worse performance in executive functions) and increased

connectivity between default mode network and medial and lateral occipito-parietal

regions (worse visuo-spatial performance).

Amboni et al.

(84)

PDND 21

PD-MCI 21

C 20

Resting-state fMRI In PD-MCI patients decreased functional connectivity in bilateral prefrontal cortex

(fronto-parietal network).

Tessitore

et al. (85)

PDNT 16

C 16

Resting-state fMRI In PDND decreased default mode network connectivity correlated with

cognitive parameters.

Rektorova

et al. (86)

PDND 18

PDD 14

C 18

Resting-state fMRI In PDD decreased connectivity in the right inferior frontal gyrus compared to PDND

and C (using posterior cingulate cortex/precuneus as seed for analysis).

Borroni et al.

(67)

PDND11

PDD 10

LBD 13

C 10

Resting-state fMRI Reduced local coherence of frontal regions in PD and in PDD.

Olde et al.

(87)

PDND 55

C 15

Resting-state fMRI In PDND longitudinally decreases in functional connectivity most prominent for

posterior brain regions correlated with disease progression and cognitive decline.

Seibert et al.

(88)

C 19

PDND 19

PDD 18

Resting-state fMRI In PDD corticostriatal functional correlations were decreased in bilateral

prefrontal regions.

Lin et al. (89) PDND 17

PDD 17

C 17

Arterial spin labeling

(ASL) magnetic

resonance

imaging (ASL-MRI)

In PDND and PDD progressive widespread cortical hypoperfusion.

Le Heron

et al. (90)

PDD 20

AD 17

C 37

Arterial spin labeling

(ASL) magnetic

resonance

imaging (ASL-MRI)

In AD and PDD posterior hypoperfusion (including posterior cingulate gyrus,

precuneus, occipital regions). Perfusion in medial temporal lobes (AD<PDD) and right

frontal cortex (PDD<AD) differed between PDD and AD.

Vander

Borght et al.

(91)

PDD 9

AD 9

C 9

[18F]fluorodeoxyglucose-

PET

In PDD and AD hypometabolism with similar regional accentuation (lateral parietal,

lateral temporal and lateral frontal association cortices and posterior cingulate cortex).

In contrast to AD PDD showed greater metabolic reduction in the visual cortex and

relatively preserved metabolism in the medial temporal cortex.

Gonzalez-

Redondo

et al. (92)

PDND 14

PD-MCI 17

PDD 15

C 19

[18F]fluorodeoxyglucose-

PET

In PD-MCI the hypometabolism exceeded atrophy in the angular gyrus, occipital,

orbital and anterior frontal lobes. In PDD these areas were atrophic and surrounded

by extensive hypometabolism.

Shinotoh

et al. (93)

PDND 14

PDD 2

PSP 12

C 13

Acetylcholinesterase

activity using N-methyl-

4-[11C]piperidyl

acetate PET

In PDD higher reduction of choline acetyltransferase and acetylcholinesterase than

in PDND.

Bohnen et al.

(94)

PDND 11

PDD 14

AD 12

C 10

Acetylcholinesterase

activity using

[11C]Methylpiperidin-4-

ylpropionate PET

Mean cortical acetylcholinesterase activity was lowest in PDD.

Hiraoka et al.

(95)

PDD 12

C 13

[5-(11)C-

methoxy]donepezil-

PET

In PDD density of acetylcholinesterase in the cerebral cortices correlated with

improvements in visuoperceptual function after 3 months of donepezil therapy.

Kotagal et al.

(96)

PDND 11

PDD 6

DLB 6

C 14

Acetylcholinesterase

activity using

[11C]Methylpiperidin-4-

ylpropionate PET

Thalamic cholinergic denervation is present in PD, PDD, and DLB but not in AD.

PD, Patients with Parkinson’s disease; PD-MCI, Parkinson’s disease patients with mild cognitive impairment; PDD, Parkinson’s disease patients with dementia; PDND, non-demented

PD; DLB, Dementia with Lewy body; AD, Patients with Alzheimer’s disease; C, Controls; MoCA, Montreal Cognitive Assessment; MMSE, Mini Mental Status Examination; PET, positron

emission tomography.
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as cortical thinning in superior-frontal/anterior cingulate and
precentral regions were found to be predictive for PDD.

For the assessment of white matter pathology using DTI
and imaging of metabolites (Proton magnetic resonance
spectroscopy) there is currently not enough longitudinal data
available and the value of these techniques to predict cognitive
decline has to be further explored. The existing studies indicate
that microstructural changes, such as increased mean diffusivity
or reduced fractional anisotropy in the hippocampus, the frontal
and parietal white matter tracts are associated with cognitive
decline in PD (68, 80, 81, 102–104). In particular, an increased
mean diffusivity may be predictive for cognitive decline before
fractional anisotropy decreases. However, these findings need
further validation in longitudinal studies.

FATIGUE

Fatigue is a common symptom that includes both mental
and physical aspects. Up to 70% of individuals with PD
experience fatigue every day (105). Fatigue dramatically impairs
quality of life (106). It is a complex syndrome emerging from
dysfunction in the nervous, endocrine and immune system
(107). From a clinical point of view fatigue is frequently
associated with other non-motor syndromes, like sleepiness,
apathy, depression and autonomic dysfunction (105, 108).
However, fatigue can also occur as an isolated syndrome; it is
therefore important to understand that fatigue and sleepiness
or depression is not the same condition (109, 110). Central
fatigue is commonly measured through questionnaires, such
as the Fatigue Severity Scale (111) which is recommended
by the Movement Disorder Society (MDS) task force (112).
Central fatigue can be described as a feeling of constant
exhaustion and can occur in various chronic disorders.
Peripheral fatigue is characterized by failure to sustain the
force of muscle contraction and is more readily accessible to
quantification (106, 113).

A key mechanism underlying fatigue is the activation of
the inflammatory cytokine network (107, 114). Therefore,
inflammatory markers serve as potential biomarkers of fatigue.
In particular, higher serum levels of IL-6, IL1-Ra, sIL-2R,
and VCAM-1 were associated with higher fatigue levels in
patients with newly diagnosed, drug-naïve PD (115, 116).
This neuroinflammatory processes may promote glutamate
dysregulation and further influence neuronal activity and
neuroplasticity, and impact neuronal circuits mediating
distress and motivation in PD (117–119). Interestingly, higher
serum uric acid levels were significantly associated with less
fatigue (120).

In addition, dysfunction of the endocrine system, such
as hypothalamic-pituitary-adrenal system which is connected
to basal ganglia, amygdala, thalamus and frontal cortex,
seems to contribute to the pathophysiology of fatigue (113).
Although there are no neuropathological studies of PD-fatigue
supporting this model so far, several neuroimaging studies
showed that multiple brain areas are involved in fatigue
in PD. These include frontal, temporal and parietal regions

indicative of emotion, motivation and cognitive functions (121–
126). In SPECT imaging with technetium-99 hexamethyl-
propylene-amine-oxime PD-fatigue was associated with reduced
perfusion in the frontal lobe (125). Others used PET with
dopaminergic and serotonergic markers in fatigued vs. non-
fatigued PD patients. Less serotonergic marker binding was
found in striatal and limbic regions (thalamus, anterior cingulate,
amygdala, insula) in PD-fatigue. The striatal 18F-dopa uptake
was similar in fatigued and non-fatigued groups, but voxel-
based analysis localized the reduced dopamine uptake to the
caudate and insula in PD-fatigue (127). In addition the serotonin
transporter (SERT) availability was significantly reduced in the
striatum and thalamus of fatigued PD patients, suggesting that
increasing the brain level of serotonin may improve PD-fatigue
(127). The reduced serotonergic transmission suggests that a
disturbed neurotransmitter balance within the basal ganglia
and associated regions changes the integration of emotional
and motor information in limbic regions, thus resulting in
fatigue symptoms (128). With regard to striatal dopamine
transporter uptake, results are conflicting. Two studies found
no difference between fatigued and non-fatigued PD (127, 129).
In the study by Chou et al., striatal dopamine transporter
uptake was a significant predictor of fatigue in mild but
not moderate-to-severe PD. They postulated that the lack of
association between fatigue and nigrostriatal loss in advanced
PD may reflect a denervation “floor” effect (130). Many of these
studies have assessed advanced disease stages and patients on
dopaminergic treatment. In contrast, Tessitore et al. studied
fatigue in drug-naïve early PD using resting-state functional
MRI (fMRI). Fatigue itself, and fatigue severity were associated
with a decreased connectivity within the supplementary motor
area and an increased connectivity within the default mode
network (121). Importantly, these functional abnormalities
occur independently from both dopamine-induced connectivity
and structural changes. This study is in line with earlier
neurophysiological studies suggesting that abnormal premotor
and primary motor cortices connectivity correlate with fatigue
(131, 132). Tessitore et al. hypothesized that the increased
connectivity of the default mode network represents an
initial cognitive compensatory response to the fatigue-related
motor connectivity changes. In this sense fatigued PD-
patients, when internally oriented, have to increase mental
expenditure to maintain the same level of motor planning
performance in order to switch more easily to externally oriented
processing (121).

In summary, abnormalities in motivation of self-initiated
tasks and motor function may play a significant role in the
pathophysiology of fatigue (133). While non-dopaminergic
basal ganglia pathways seem to be involved in PD-fatigue,
the dopaminergic dysfunction may only play a role through
extrastriatal projections.

DEPRESSION

PD patients are twice as likely to develop depression compared
to healthy individuals (134). Depressive symptoms affect 40–50%

Frontiers in Neurology | www.frontiersin.org 7 March 2019 | Volume 10 | Article 195143

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


Prell et al. PD-NMS Biomarker

of PD patients and significantly impact quality of life in PD (2).
In particular, patients with cognitive impairment, longer disease
duration, motor fluctuations, female gender, and higher doses of
levodopa are at risk to develop depression (9).

Like other NMS, depression seems to be linked to
inflammatory signaling. Increased inflammatory responses
have been described both in the brain and peripheral blood of
PD patients (135). Depression correlated with a high serum level
of IL-10 (136) and IL-6 (137). High levels of both sIL-2R and
TNF-α in blood samples from PD patients were significantly
associated with more severe depression and anxiety (119).
As reflection of CNS involvement, high CRP levels in CSF of
PD patients were associated with more severe symptoms of
depression (32). However, these findings are not specific for PD.
Chronic inflammation in physically ill patients is often associated
with symptoms of depression and also occurs in normal aging
(138–140). Moreover, PD in general is characterized by elevated
levels of inflammatory cytokines, such as IL-6, tumor necrosis
factor, IL-1β, IL-2, IL-10, C-reactive protein, and RANTES (141).

Depression in PD is associated with several structural
and functional changes in the limbic system. In particular,
changes in the amygdala, hippocampus and orbitofrontal cortex
were frequently reported in PD depression (142–151). The
involvement of the serotonergic system was demonstrated
in post-mortem tissue and validated in vivo by several
PET imaging studies (152–155). Compared to controls the
serotonin transporter binding in non-depressed PD was lower
in the striatal region, the orbitofrontal cortex, and the
dorsolateral pre-frontal cortex which is an area known to be
involved in major depression (155). Using dopaminergic and
serotonergic presynaptic transporter radioligands a prominent
role of serotonergic degeneration in limbic regions such as
the anterior cingulate cortex was demonstrated (156, 157).
Other PET studies observed a higher availability of the
serotonin transporter in the raphe nuclei and limbic regions
of depressed PD patients (152, 153). Likewise, decreased
plasma levels of serotonin were found to be correlated
with severity of depression (158). However, studies of the

serotonin metabolite 5-hydroxyindoleacetic acid (5-HIAA) in
CSF from depressed and non-depressed PD patients, have
yielded contradictory results (159), and serotonergic dysfunction
alone may only explain vulnerability to depression in PD.
Yet, symptoms of depression are also linked to mesolimbic
dopaminergic degeneration (160, 161) which is in line with
the clinical observation of improvement of depression by
dopaminergic treatment (162).

CONCLUSION

From this overview emerges a comprehensive picture of recent
fluid and imaging biomarkers which have been studied in a
number of clearly defined and sizable cohorts of PD patients
with PD. Especially longitudinal studies are necessary to make
the biomarkers potentially useful for therapeutic or even
clinical trial evaluation. A number of recent studies have
provided ample evidence for specific predictive biomarkers
across multiple domains combining clinical, biochemical,
and neuroimaging information. Yet, at this stage a lack
of standardized and comparable methods preclude clinical
everyday use of these biomarkers beyond their value as
diagnostic or prognostic tools in cohorts of patients. Thus,
more research needs to be undertaken into finding reliable
combinations of predictors of NMS in PD on an individual
level, and standardization and harmonization of protocols
in particular in CSF handling and neuroimaging has to be
taken further.
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Multiple sclerosis (MS) is a chronic autoimmune disease of the central nervous system

(CNS) leading to CNS inflammation and neurodegeneration. Current anti-inflammatory

drugs have only limited efficacy on progressive neurodegenerative processes underlining

the need to understand immune-mediated neuronal injury. Cell adhesion molecules play

an important role for immune cell migration over the blood-brain barrier whereas their role

in mediating potentially harmful contacts between invading immune cells and neurons

is incompletely understood. Here, we assess the role of the CNS-specific neuronal

adhesion molecule ICAM-5 using experimental autoimmune encephalomyelitis (EAE), an

animal model of MS. ICAM-5 knockout mice show a more severe EAE disease course

in the chronic phase indicating a neuroprotective function of ICAM-5 in progressive

neurodegeneration. In agreement with the predominant CNS-specific function of ICAM-5,

lymphocyte function-associated antigen 1 (LFA-1)/ICAM-1 contact between antigen-

presenting cells and T helper (Th)17 cells in EAE is not affected by ICAM-5. Strikingly,

intrathecal application of the shed soluble form, sICAM-5, ameliorates EAE disease

symptoms and thus might serve locally as an endogenous neuronal defense mechanism

which is activated upon neuroinflammation in the CNS. In humans, cerebrospinal fluid

from patients suffering from progressive forms of MS shows decreased sICAM-5 levels,

suggesting a lack of this endogenous protective pathway in these patient groups.

Overall, our study points toward a novel role of ICAM-5 in CNS autoinflammation in

progressive EAE/MS.

Keywords: T cells, experimental autoimmune encephalomyelitis, multiple sclerosis, neuroinflammation, adhesion

molecules

INTRODUCTION

Multiple sclerosis (MS) is an inflammatory neurodegenerative disease which is characterized by
T cells infiltrating the central nervous system (CNS), thereby initiating autoimmune
neuroinflammation (1–3). Subsequent to destabilization of the blood-brain barrier (BBB),
proinflammatory cytokines are secreted by lymphocytes (4) thus orchestrating a proinflammatory
environment via recruitment of other immune cells into the CNS (5). Throughout the pathogenesis
of MS or in its animal model experimental autoimmune encephalomyelitis (EAE), adhesion
molecules are not only involved in the migration process of lymphocytes into the CNS parenchyma
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via the BBB (6–8), they also contribute to reactivation of these
immune cells via antigen-presenting cells (APCs). Recently,
adhesion molecules have been shown to be involved in direct
T cell interactions with neurons in vivo, thus inducing cell-cell
contact-mediated neuronal calcium elevations (6, 9, 10).

Adhesion molecules play an important role for the regulation
of peripheral immune processes. One prominent example is the
intercellular adhesion molecule 1 (ICAM-1), which is typically
expressed on endothelial and immune cells, and which can
be induced by inflammatory cytokines such as interleukin-
1 (IL-1) and tumor necrosis factor (TNF). Upon activation,
leukocytes can bind to endothelial cells via lymphocyte function-
associated antigen 1 (LFA-1)/ ICAM-1 and transmigrate into
CNS tissue (11). In contrast, the related CNS-specific intercellular
adhesion molecule 5 (ICAM-5, also called telencephalin (TLN)
was first described as a regulator for brain development and
the formation of synapses and is exclusively expressed on
neurons in the telencephalon (12). A putative role of ICAM-
5 in neuroinflammation is of high interest as pharmacological
targeting might specifically address T cell-neuron contacts
leading to T cell-mediated neuronal cell death. The binding
partner of ICAM-5 is the β2-integrin LFA-1, which is
expressed by invading leukocytes. LFA-1/ICAM-5 binding has
therefore been proposed as a possible target to investigate
neuroinflammatory processes in the CNS (13, 14). Additionally,
ICAM-5 can be cleaved by matrix metalloproteinase (MMP)-
2 and 9 from the neuronal surface (15) and the soluble
form (sICAM-5) has been proposed to act as an inhibitor
of ICAM-1–LFA-1 interactions between CD4+ T cells and
APCs (16); the involvement of pathogenic Th17 cells has not
been addressed so far. Interestingly, encephalitis patients show
elevated concentrations of sICAM-5 in the cerebrospinal fluid
(CSF); however its pathological relevance is still unclear (17).

Here, we examined the role of ICAM-5 as a direct binding
partner between neurons and T helper 17 (Th17) cells in MS
pathology, and investigated whether the interaction of its soluble
form, sICAM-5, influences the interactions between Th17 cells
and APCs thereby serving as an immunosuppressive molecule
(Figure 1). The functional expression of ICAM-5 in the CNS and
secretion levels of protective sICAM-5 proteins in the CSF of MS
patients was assessed to provide insights into the relevance of
ICAM-5 for the human system. Our results contribute to a deeper
understanding of immune cell-driven neuronal injury whichmay
influence future therapeutic approaches.

MATERIAL AND METHODS

Experimental Autoimmune

Encephalomyelitis
ICAM-5 knockout (KO) mice were originally provided by the
Gahmberg laboratory, University of Helsinki (Finland); C57BL/6
mice were purchased from Janvier laboratory (France). All
animal experiments were approved by local authorities and
conducted according to the German Animal Protection Law.
Active EAE in C57BL/6, ICAM5-KO mice and littermates
was induced using the Hooke KitTM MOG35−55/CFA Emulsion

+ PTX following the manufacturer’s protocol. Thus, mice
were actively immunized by subcutaneous injection of 200
µg emulsion of MOG35−55 in complete Freund’s adjuvant
(CFA), followed by the administration of two intraperitoneal
doses of 400 ng of pertussis toxin (PTX) in PBS, at the time
of immunization and 48 h later. Clinical signs of EAE were
monitored daily and translated into clinical scores as follows:
0, no detectable signs of EAE; 0.5, tail weakness; 1, complete
tail paralysis; 1.5, impaired righting reflex; 2, partial hind limb
paralysis; 2.5, unilateral complete hind limb paralysis; 3, complete
bilateral hind limb paralysis; 3.5, complete hind limb paralysis
and partial forelimb paralysis; 4, total paralysis of forelimbs
and hind limbs; and 5, death. EAE mice were treated with
steroid pulses of 16µg/g Urbason (Methylprednisolone) given
via intraperitoneal injections on five consecutive days as soon
as a clinical score of 2 was reached, supporting the development
of a chronic progressive EAE disease course in this model. The
16µg/g dose was based on the clinical human dose of 1,000mg
per day and a median weight of 63 kg (human) vs. 20 g (mouse).

Intrathecal Injection of ICAM-5 D1-2-Fc by

Lumbar Injection
Recombinant mouse ICAM-5 Fc chimera protein (ICAM-5 D1-
2-Fc, R&D Systems, USA) was delivered intrathecally by lumbar
puncture in awake mice as described elsewhere (18, 19). In
short, the mouse was grasped at the iliac crest, so that both
hind legs move outward and downward. Then the Hamilton
syringe/needle was inserted at about a 45◦ angle between the L5
and L6 spinous process and 5 µl injection solution was applied.
A reflexive flick of the tail indicated puncture of the dura. After
reaching a clinical score of 2, EAEmice received 0.2µg of ICAM-
5 D1-2-Fc in this manner seven times at 48-h intervals to induce
an ICAM-5 D1-2-Fc concentration in the CSF of 5µg/ml. The
control group was treated with IgG peptide.

Murine Cell Culture
Naïve CD4+CD62L+ cells were isolated and MACS-sorted from
spleens and lymph nodes of B6.2D2 and B6.RFP.2D2 mice (6–
10 weeks old) with a purity of >95% of total cells. Murine Th17
cell differentiation was achieved by the addition of 2µg/ml anti-
CD3, 3 ng/ml TGF-β, 20 ng/ml mrIL-6, 20 ng/ml IL-23, 10µg/ml
anti-IL-4, and 10µg/ml anti-IFNγ. Irradiated APCs were used
for initial stimulation of the T lymphocytes in a ratio 1:10. Cells
were kept in cell culture medium and were split with 50 U/ml
IL-2 and 10 ng/ml IL-23. Cells that produced >30% of IL-17
were used for in vitro assays. Cytokine production was assessed
using intracellular cytokine staining following standard protocols
(CD4-PeCy7 (clone: RM4-5, BD Bioscience), IL-17A-AF647
(clone: 17B7, Affimetrix), IFNγ-Horizon (clone: XMG1.2, BD
Bioscience), TNFα-AF700 (clone: MP6-XT22BD, Bioscience)).
Surface stainings were performed with CD44-AF700 (clone:
IM7, eBioscience), CD49d-FITC (clone: R1-2, eBioscience),
CD54-APC (clone: YN1/1.7.4, Biolegend) and MHCII-PerCP
(clone: AF6-120.1, BD), CD62L-APC (clone: MEL-14, BD
Biosciences), CD69-PE (clone: H1-2F3, BD Biosciences), CD40L-
PECy7 (clone: MR1, Biolegend), and CD25-PECy7 (clone: PC61,
BD Biosciences). ICAM-5 treatment was performed by adding
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FIGURE 1 | Schematic overview of potential ICAM-5 dependent T cell—neuron and T cell—APC interactions in the CNS. Schematic illustration of the interplay of

neurons, T cells, and APCs in the CNS. The adhesion molecule ICAM-5 (yellow) is exclusively expressed by neurons and can be cleaved by MMP-2 and 9 from the

neuronal surface (also called shedding). The soluble form (sICAM-5) has been proposed to act as an inhibitor of ICAM1–LFA-1 interactions between T cells and APCs

and T cells and neurons therefore displaying a protective function. Green highlights and arrows represent anti-inflammatory/ protective function and red highlights

represent proinflammatory properties.

10µg/ml ICAM-5 D1-2-Fc (R&D Systems, USA) either during
the whole time of Th17 cell differentiation or after restimulation
of differentiated Th17 cells.

Proliferation Assay
Carboxyfluorescein succinimidyl ester (CFSE) proliferation assay
was performed by incubating naïve T cells in mouse-medium at
37◦C for 30min, then cells were washed twice with pre-warmed
RPMI+1% HEPES (RH) and then dissolved in CFSE in pre-
warmed RH at a concentration of 2.5µM. After quenching the
stained cells with cold mouse-medium, cells were incubated for
at least 72 h and evaluated by flow cytometric measurements.

Cortical Neuronal Cell Culture
For neuronal cultures, p0-p1 pups were beheaded and brains
were removed from the skull. The brains were prepared in
ice-cold Hank’s balanced salt solution (HBSS). The olfactory
bulbs and the meninges were removed from the cortex. The
hippocampus was stripped from the cortex and all cortices were
collected in ice-cold HBSS. Cortices from up to three animals
were pooled into one falcon tube. The tissue was washed once
with ice-cold HBSS and digested in HBSS with 1% DNAse and
0.5% trypsin for 20min at 37◦C. For homogenizing, tissue was
sucked through two small glass pipettes and finally poured over a
70µm cell sieve. 500,000−750,000 cells were seeded in each well
of the 6-well plate in plating medium. After 3 h cells were washed
with neuro basal medium. The cultures were washed every 2–3
days. Neuronal cultures were inflamed between d7 and d8 with
LPS (10µg/ml), IFNγ (100 ng/ml) or splenocyte supernatant.
Cultures were harvested 24 h later, between d8 and d9. Cells were
harvested with 3% trypsin for 5min at 37◦C, washed from the

plates and collected on ice. The cells were centrifuged for 5min at
550 g at 4◦C and washed once with ice-cold phosphate-buffered
saline (PBS). Pellets for mRNA analysis were frozen at−80◦C.

Quantitative Real-Time PCR
For analysis of ICAM-5 and MMP-9 expression, RNA was

isolated using the RNeasy Mini Kit© (Quiagen) according
to the manufacturer’s protocol; quality and integrity of total
RNA preparation was confirmed using a NanoDropTM 2000c
Spectrophotometer (Thermo Scientific). Complementary DNA
(cDNA) synthesis was performed by reverse transcription of

total RNA using the SuperScript©III First Strand Synthesis
System and random hexamer primers (Invitrogen) following
the manufacturer’s instructions. Amplification primers for
real-time PCR analysis were designed using Beacon Designer
8 Software (PREMIER Biosoft International) according
to the manufacturer’s guidelines and subsequently tested
for amplification efficiency and specificity. Real-time PCR
was performed using iQ SYBR Green supermix (BioRad
Laboratories) in an CFX Connect TM Real Time Detection
System (BioRad). Primer sequence as given: ICAM-5 (forward:
CGT ATG TAT TGT TCG CTC TC; reverse: TTA TTG AAG
GGA ATG GGT AGA) and MMP-9 (forward: AAG TCT CAG
AAG GTG GAT; reverse: AAT AGG CTT TGT CTT GGTA).
Relative changes in gene expression were determined using the
Ct method (20) with β-actin as the reference gene.

Immunohistochemistry
Immunohistochemistry was performed with neuronal cortical
cultures of B6.2D2 mice. Neurons were stained for ICAM-5
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(TubIII, Covance), NeuN (Millipore, Billerica), MAP2 (HM-
2, Sigma), and Tuj1 (Covance); cell nuclei were stained with
DAPI (Invitrogen). Pictures were obtained using a confocal
laser scanning microscope (Leica TCS-SP8; Leica Microsystems
Heidelberg, Mannheim, Germany).

Human ICAM-5 ELISA
CSF samples were collected at the time of first diagnosis from
48 patients fulfilling the revised McDonald criteria for MS
(21) which included 17 with relapsing-remitting MS (RRMS,
age: 38.6 ± 1 years, range: 21–78 years, EDSS: 1.7 ± 0.1,
range: 0–3.5, disease duration: 15.6 ± 1.7 months, range: 0–
84 months), 19 with primary progressive MS (PPMS, age 56.7
± 0.5 years, range: 42–70 years, EDSS 3.7 ± 0.1, range: 1–
6.5, disease duration 45.2 ± 2.5 months, range: 1–156 months),
and 12 with secondary progressive MS (SPMS, age 48.5 ± 0.7
years, range: 34–67 years, EDSS 4.5 ± 0.2, range: 2–7.5, disease
duration 99.5 ± 8.3 months, range: 18–300 months). Samples
from 35 patients with non-inflammatory neurological disease
(NIND, mean (± SEM) age: 42.3 ± 0.5 years, range: 17–79
years) served as controls. CSF was collected and kept frozen
at −80◦C until assayed. ICAM-5 levels were measured using a
human ICAM-5 ELISA kit (DY1950-05, R&D Systems) with an
ancillary reagent pack according to the manufacturers’ protocol
(DY008, R&D Systems). Fluorescence was determined using an
InfiniteM200 pro reader (Tecan). This study was approved by the
local ethical committee (Landesaerztekammer Rheinland-Pfalz)
and performed according to the Helsinki Declaration; all patients
provided written informed consent.

Histology
Cryosections of EAE mouse brains were stained for hematoxylin
and eosin (HE), luxol fast blue stain with periodic acid-
Schiff ’s (LFB-PAS), amyloid precursor protein (APP), and
neurofilament (NF). Pictures were obtained using an Olympus
microscope equipped with a cellSense camera and analyzed with
ImageJ software.

NfL Measurements
Briefly, blood or CSF samples were spun at 2,000 g at room
temperature for 10min within 2 h after withdrawal and stored
in polypropylene tubes at −80◦C. Neurofilament levels in
serum and CSF were measured by SiMoA HD-1 (Quanterix,
USA) using the NF-Light Advantage Kit (Quanterix) according
to manufacturer’s instructions. Samples were measured in
duplicates; the intra-assay coefficient of variation (CV) of all
samples was below 20%. sNfL measurements were performed in
a blinded fashion without information about clinical data.

Statistics
Statistical analyses were performed with Graphpad Prism 6. We
used a K-S test for normality, followed by Mann-Whitney test,
unpaired two-tailed Student’s t-test or one-way ANOVA followed
by Tukey’s multiple comparison test, as appropriate. Data are
presented as the mean ± standard error of the mean (SEM)
unless otherwise indicated. P-values <0.05 were considered
statistically significant.

RESULTS

sICAM-5 Has No Impact on Th17

Cell—APC Interaction
LFA-1 is a central binding partner of both ICAM-5 and
ICAM-1 (16). Since Th17 cells play a major role in the
immunopathology of both EAE and MS (22, 23), we first aimed
to elucidate the influence of sICAM-5 on the interactions of this
pathogenic T cell type with APCs. There were no significant
differences in the expression levels of LFA-1 on either cell type
(Figure 2A) indicating that T-cell differentiation and stimulation
are independent of LFA-1 expression. Next, we analyzed the
influence of sICAM-5 on the APC-dependent proliferation of
Th17 cells and found no differences in the proliferation between
the sICAM-5-treated T cells and control conditions (Figure 2B).
Furthermore, we did not see any significant differences in the
expression of CD44, CD49d, CD54, MHC class II, CD62L, IL-
17, or TNFα after 4 or 24 h of stimulation with CD3/CD28 and
sICAM5 on differentiated Th17 cells (Figure 2C). We moreover
assessed the differentiation of naïve T cells into Th17 cells in
the presence of sICAM-5 and did not find significant differences
in the expression of surface markers CD69, CD25, CD40L, or
intracellular cytokine levels for IL-17 and IFNγ (Figures 2D,E).
Overall, these results indicate that sICAM-5 does not directly
alter the differentiation and function of murine Th17 cells
themselves. Both species differences between mouse and human
and our focus on the Th17 cell subtype of T cells might explain a
different outcome compared to previous reports on human naïve
CD4+ T cells (24).

Absence of ICAM-5 Worsens Disease

Progression in Active EAE Which Can be

Reversed by sICAM-5 Application
Despite its potential to regulate T cell restimulation as well
as function as an adhesion molecule for lymphocytes in vitro,
the relevance of ICAM-5 in neuroinflammation has not been
investigated in vivo. To this end, we first cultured dissociated
cortical neurons and stained them for NeuN and ICAM-5
(Figure 3A). Indeed, ICAM-5 is highly expressed by neurons.We
found a further upregulation of both ICAM-5 and the matrix
metalloproteinase 9 (MMP-9), a protein able to cleave ICAM-5
from the neuronal surface, after inflammatory stimulation with
LPS and splenocyte supernatant, but not with IFNγ (Figure 3B).
Additional neuronal markers MAP-2 or beta-III tubulin (Tuj1)
were used to stain cortical neurons and to validate that ICAM-
5 is preferentially expressed on soma and dendrites (Figure 3C)
(16). Next, we induced EAE in mice deficient for ICAM-
5 and significant differences were observed between the two
groups exclusively in the chronic phase of disease (Figure 3D).
Taking into account possible pro- and anti-inflammatory effects
of ICAM-5 in the context of EAE (see also Figure 1), this
indicates that the biologically relevant function of ICAM-5
in vivo is to serve as an endogenous neuroprotective pathway in
chronic neurodegeneration, most likely via sICAM-5-mediated
effects. Further, histopathological stainings were performed for
inflammation (HE staining), demyelination (LFB-PAS), and
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FIGURE 2 | sICAM-5 does not affect Th17—APC interactions. (A) FACS staining for LFA-1 of naïve T-cells, Th17 cells, and Th17 cells after 24 h of stimulation with

anti-CD3/CD28 (n = 3 for each condition). (B) Representative depiction of CFSE stainings of naïve 2d2T cells cocultured with APCs and sICAM-5 (10µg/ml) or IgG

(10µg/ml) for 72 h. (C) FACS staining of Th17 cells stimulated for 4 and 24 h with anti-CD3/CD28 and with or without ICAM-5 treatment (10µg/ml). (D,E) Naïve T cells

were differentiated into Th17 cells in the presence of or without sICAM-5 treatment (10µg/ml) and stained for extracellular (D) and intracellular (E) markers. Data

shown are mean ± SEM. (A) One-way ANOVA followed by Tukey’s multiple comparison test, n.s. no significance; (C–E) Student’s t-test.

axonal loss (APP) in the lesions of these EAE mice. Neither
inflammation nor demyelination was reduced in ICAM5-KO
mice, though axonal loss was significantly elevated (Figure 3E),
arguing in favor of predominating axonal pathology. To examine
the impact of sICAM-5 in ongoing neuroinflammation, we
applied sICAM-5 locally via intrathecal injection by lumbar
puncture during EAE. Indeed, sICAM-5-treated mice displayed a
more pronounced recovery after the peak of disease as compared

to the control group which was injected with a control IgG
peptide (Figure 3F).

Patients Suffering From Progressive Forms

of MS Show Low Levels of sICAM-5 in CSF
Based on our EAE findings indicating an endogenous protective
role of sICAM-5, we assessed the role of sICAM-5 in the CSF
of patients with MS. CSF samples from RRMS, SPMS, and PPMS
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FIGURE 3 | Absence of ICAM-5 worsens disease progression which can be reversed by application of sICAM-5. (A) Immunohistochemical staining of ICAM-5-AF647

on cortical neurons (scale bar = 15µm, 3D overlay scale bar = 10µm). Co-staining was performed with NeuN-AF488 and DAPI (blue). (B) mRNA analysis of ICAM-5

and MMP-9 were performed with cortical neurons after stimulation with LPS, IFNγ, and splenocyte supernatant (n = 6 for each condition). Unstimulated cortical

neurons served as a control. (C) Immunohistochemical staining of MAP2- AF647, Tuj1-FITC, ICAM-5-AF568, and DAPI on cortical neurons (scale bar = 20µm.

(D) EAE was induced actively in ICAM-5-KO mice and WT littermates via the injection of MOG35−55 (two independent EAEs, untreated; WT n = 12, KO n = 12). The

dotted box on the plot provides a closer look at the chronic phase of the EAE but does not agree with the x axis of the upper plot. The lower plot shows only the mean

disease score of the period from day 40 after immunization. (E) EAE lesions were stained from wt (n = 9) and ICAM5 KO mice (n = 6) for inflammation (HE staining),

demyelination (LFB-PAS), and axonal loss (APP) and were quantified accordingly. (F) EAE was induced actively in B6 mice via the injection of MOG35−55 and mice

were treated with Methylprednisolone for 5 days as soon as the mice reached a clinical score of 2. Additionally, once animals reached a clinical score of 2, 0.2 µg

ICAM-5 D1-2 Fc or human IgG was applied via intrathecal (i.th) injection by lumbar puncture seven times on every second day (WT n = 7, KO n = 7). Data shown are

mean ± SEM. (C, D) Mann-Whitney U-test; *p < 0.05.
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patients as well as from a control group (NIND) with normal CSF
findings were analyzed using a human ICAM-5 ELISA. While
RRMS and control patients showed comparable levels of sICAM-
5, sICAM-5 levels in PPMS, and SPMS patients were significantly
lower (Figure 4A). This suggests that a reduction in ICAM-
5 shedding in humans may play a role specifically in chronic
forms of MS. This might either indicate a loss-of-function of
an endogenous protective pathway driving neurodegeneration or
a secondary effect due to a higher neuronal loss in progressive
phases of MS and therefore a lower availability of sICAM-5. We
moreover correlated sICAM-5 concentration in CSF with the
EDSS score and disease duration (Figure 4B) for eachMS patient
subtype. In RRMS, we found a moderate correlation between
EDSS and sICAM-5 concentration in the CSF with higher EDSS
scores being associated with a lower concentration of sICAM-
5 in the CSF. In SPMS and PPMS, we found a correlation
between disease duration and sICAM-5 concentration with
higher sICAM-5 concentrations correlating with longer disease
duration. We found no correlation between age and sICAM-5
levels (Supplementary Figure 1).

No Significant Correlation Between

Neurofilament Light Chain Levels

and sICAM-5
Neurofilament light chain (NfL) is emerging as a biomarker
assessing neuroaxonal damage in patients with multiple sclerosis
while knowledge about its relevance in patients with progressive
MS is still limited. We measured NfL serum and CSF
concentration in the PPMS and SPMS group and correlated
these values with ICAM-5 levels (Figures 5A–C). Of note,
although reflecting neurodegeneration in MS patients NfL is
sensitive to almost every type of neuronal damage including
inflammatory causes (25). SPMS patients showed higher NfL
levels than observed in PPMS patients, confirming previous
results derived from larger cohorts [SPMS n = 1452 and PPMS
n = 378; retrospective analysis of INFORMS and EXPAND
trials presented by Kuhle et al. (26) ECTRIMS 2018] and
CSF levels were highly correlated with serum concentration
(Spearman rho = 0.684; p = 0.007). In the SPMS subgroup, CSF
NfL significantly correlated with the EDSS scores and disease
duration (Spearman rho = 0.843, p = 0.009 and Spearman
rho = 0.838, p = 0.009, respectively). Notably, the correlation
between NfL and EDSS score is still depicted in the literature
by contrary results (27–30). We observed only trends regarding
the association between NfL and ICAM-5 in this study but
NfL values are drastically different between individuals. There
is therefore a need for large cohorts to show significant cross-
sectional differences between groups, and we should be aware
of our small study population size when interpreting these
results. In addition, a more powerful interpretation of sNfL
might be achieved by using the individual rate of change of
NfL rather than cross-sectional absolute NfL levels (31). The
comparison of NfL and ICAM-5 in this study is aggravated by
the fact that ICAM-5 is not only released in the extracellular
space upon cell damage but, as we showed, its expression is
changed upon different stimuli and its concentration in CSF

depends on MMP9 activity. In conclusion, combining ICAM-5
with NfL levels in future studies will certainly help to decipher
the role of ICAM-5 in neurodegeneration in more detail, but
in this study is limited by the small cohort size and different
release dynamics.

DISCUSSION

In MS, T cells directly interact with neurons in vivo inducing
neuronal calcium elevations thus leading to neuronal damage.
Here, we investigated the role of ICAM-5 in mediating T cell-
neuron contacts. ICAM-5 is exclusively expressed on neurons
where it can serve as a binding partner to LFA-1 on invading
leukocytes. Soluble ICAM-5 might act as an endogenous
regulator of neuronal damage as it has anti-inflammatory effects
after binding to LFA-1. Thus, neuronally released sICAM5 can
modulate immune cell-neuron as well as T cell-APC interactions.
Indeed, ICAM-5 expression was detected on neuronal cell
cultures in vitro, but not on other cell types. Induction of
MOG35−55 peptide-induced EAE in wildtype (WT) and ICAM-
5−/− mice led to an unchanged phenotype in the inflammatory
phase, followed by a significant deterioration in the progressive
phase. For the interpretation of results from the ICAM-5−/−

mouse, it has to be kept in mind that the full knockout of
ICAM-5 might have both beneficial effects (via deletion of T
cell-neuron binding capacity) and detrimental effects (since the
beneficial effects of sICAM-5 would also be abrogated). The
EAE phenotype underlines that the protective effect of sICAM-
5 is of major biological importance, especially in the chronic
phase of EAE. To further address the therapeutic potential of
ICAM-5 modulation, sICAM-5 was applied intrathecally into
WTmice, to address only the CNSmilieu, leading to a subsequent
amelioration of clinical disease symptoms. Although it cannot be
excluded that the recombinant ICAM-5 chimera used in these
experiments may behave differently to the endogenously shed
sICAM-5, the improvement in EAE disease symptoms suggests
that sICAM-5 serves locally as an endogenous neuronal defense
mechanism which might be activated upon neuroinflammation
in the CNS.

Comparing the so far known effects of ICAM-5 to its
related molecule ICAM-1 is interesting since ICAM-1 mostly
localizes to glia and endothelial cells while ICAM-5 is restricted
to telencephalic neurons (24). ICAM-1 was shown to have
proinflammatory effects on macrophages (32) but to also
influence T cell receptor signaling by slowing the actin flows in
primary CD4+ T cells especially with regard to T cell interactions
with dendritic cells (33). Contrary to ICAM-1, ICAM-5 was
shown to have a rather immune-suppressive function in T cells
(24). Neurons which were stimulated with LPS or splenocyte
supernatant upregulated ICAM-5 and MMP-9 mimicking the
situation of inflammation. Since we were able to exclude a direct
effect of ICAM-5 on Th17 cell pathology we hypothesize that
ICAM-5 might also play an important role in the interaction
of neurons with APCs such as dendritic cells and microglia in
EAE. Interestingly, LFA-1 is highly expressed by microglia in
chronic active lesions (34) and can be bound by ICAM-5, again
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FIGURE 4 | Patients suffering from progressive forms of MS show lower levels of sICAM-5 in CSF. (A) ICAM-5 concentration in ng/ml in the cerebrospinal fluid of

NIND patients (NIND, n = 35), RRMS (n = 17), PPMS (n = 19), and SPMS (n = 12) patients. Data shown are mean ± SEM. One-way ANOVA followed by Tukey’s

multiple comparison test, *p < 0.05. (B) Correlation between EDSS or disease duration in months and ICAM-5 concentration in CSF (ng/ml). Data was tested for

normality using Shapiro-Wilk normality test and Pearson’s or Spearman’s r and p-values were determined accordingly.

indicating a potential neuroprotective role of ICAM-5 especially
in the chronic phase of MS.

Furthermore, it is known that ICAM-5 regulates neuronal
development in several ways and is highly expressed on the
dendrites and soma of neurons (35) and during the initial
contact between the pre- and the postsynaptic terminals,
ICAM-5 stabilizes postsynaptic connections by binding to β1
integrins (36). β1 integrins are also expressed by APCs such
as microglia (37). Interestingly, there is direct proof that
endogenous ICAM-5 from neurons is bound by microglia

and induces clustering and weak adhesion of microglia
(38). Additionally, ICAM-5 downregulates phagocytosis in
unchallenged microglia and promotes IL-10 production in LPS-
stimulated microglia (38) thus further suggesting a potential role
of ICAM-5 in the regulation of microglia in the chronic phase
of disease. These microglia-related ICAM-5 pathways merit
further investigation.

Importantly, CSF from patients suffering from a progressive
form of MS show decreased ICAM-5 levels. This is in
accordance with our murine data showing a neuroprotective
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FIGURE 5 | No significant correlation between neurofilament light chain levels and sICAM-5. (A) ICAM-5 was correlated with NfL concentrations (pg/ml) in the

cerebrospinal fluid and the serum of SPMS patients (n = 7–8). (B) ICAM-5 was correlated to NfL concentrations (pg/ml) in the cerebrospinal fluid and the serum of

PPMS patients (n = 7–8). (C) ICAM-5 was correlated to NfL concentrations (pg/ml) in the cerebrospinal fluid and the serum of pooled SPMS and PPMS patients (n =

14–16). For all figures: Data was tested for normality using Shapiro-Wilk normality test and Pearson’s or Spearman’s r and p-values was determined accordingly.

effect in the chronic phase of the disease, underlining the
importance of ICAM-5 in the human system. Moreover,
ICAM-5 concentrations in the CSF correlate with disease
duration in patients with progressive forms of MS. It has
previously been shown that sICAM-5 is cleaved and released
into the CSF also in other neurological diseases such as acute
encephalitis (17). Although our study could not classify the
exact pathophysiological role of sICAM-5 release into the CSF
in progressive MS patients, interesting possibilities are raised.
ICAM-5 has been discussed as a marker of neuronal death in
traumatic brain injury (39). Increased levels of sICAM-5 in the
CSF could therefore be caused by an increase in neuronal death
and thereby caused release of ICAM-5. As there is a link between

chronic disease, microglia activation and neuronal ICAM-5 (38),
the positive correlation between sICAM-5 and disease duration
could also point toward other involved pathways which are not
addressed in the current study. Interestingly, although there was
no significant difference in ICAM-5 levels between NIND and
RRMS patients, there was a strong negative correlation between
EDSS and ICAM-5 concentration in the CSF of RRMS patients,
which supports our hypothesis.
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Inflammation is a common process involved in aging, multiple sclerosis (MS),

and age-related neurodegenerative disorders such as Alzheimer’s disease (AD) and

Parkinson’s disease (PD), but there is limited evidence for the effects of aging on

inflammation in the central nervous system. We collected cerebrospinal fluid (CSF) from

105 healthy control subjects representing a wide age range (23–86), and analyzed

levels of cytokines associated innate immunity (TNF-α) and different T-helper subtypes:

interferon–gamma induced protein 10 (IP-10) for Th1, interleukin-10 (IL-10) for Th2,

and interleukin 8 (IL-8/CXCL8) for Th17. We show that CSF levels of TNF-α, IP-10,

and IL-8 all increased linearly with age, but levels of IL-10 demonstrated a U-shaped

relationship with age. We further found greater age-related increases in TNF-α, IL-10,

and IL-8 relative to increases in IP-10 levels, consistent with a shift from Th1 to other

inflammatory phenotypes. Finally, when we analyzed the same four cytokines in people

with neurological disorders, we found that MS and AD, but not PD or dementia with Lewy

bodies, further accentuated the age-related shift from Th1- to non-Th1-related cytokines.

We propose that CSF cytokine levels represent powerful surrogates of brain inflammation

and aging, and some, but not all, neurological disorders accelerate the shift away from

Th1 phenotypes.

Keywords: inflammaging, neuroinflammation and neurodegeneration, IP10, IL10, IL8, Alzheimer’s disease,

Parkinsons disease (PD), dementia with Lewy bodies (DLB)

INTRODUCTION

Neuro-inflammation is increasingly implicated in age-related neurodegenerative diseases such as
Alzheimer’s disease (AD) and Parkinson’s disease (PD) (1, 2). Following examples in multiple
sclerosis (MS) and other demyelinating conditions, many recent human neurodegenerative studies
have analyzed soluble cytokine levels in the blood or cerebrospinal fluid (CSF) to generate
hypotheses testable in other cohorts or animal models (3–5). However, factors such as age can
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themselves bias the immune system and therefore cytokine
levels, including aging-associated pro-inflammatory bias and
a shift from Th1 to Th2/innate immunity dominance (6, 7).
These patterns, usually sterile (free of symptomatic infection),
independent of organ- or system-based disease, and involving
the innate and adaptive immune systems, have been together
referred to as inflamm-aging (8, 9). Potential drivers for
inflamm-aging include persistent low-grade viral and bacterial
infection, changing gut microbiome (10), and clearance of
accumulating self-proteins. Because of inflamm-aging, it is not
always straightforward to distinguish between the effects of
disease and non-disease factors on absolute cytokine levels. A
thorough evaluation of disease-associated cytokine alterations
thus requires an adequate number of healthy subjects across a
wide age range to detect not only cytokine level differences but
also multi-cytokine profiles, which inform about disease specific
changes that also reflect complex immune pathways.

Because recruiting healthy subjects to undergo CSF collection
can be difficult, multiple smaller cohorts may need to be
combined to generate a larger cohort. This process is not
without its own challenges, including the need for standardized
CSF collection across multiple research centers with disease-
specific protocols (11, 12), reproducible cytokine quantitation,
and data-sharing. Over the past 4 years, we have recruited
105 healthy control (HC) subjects over a wide age-range (22–
86) to participate in multiple disease-oriented studies using a
modified but standardized Alzheimer’s Disease Neuro-Imaging
(ADNI) protocol (12). This cohort provides a unique opportunity
to simultaneously interrogate CSF cytokines from different
functional pathways across seven decades of life. Here we
measured four cytokines associated with innate immunity and
helper T cell subtypes (Th1, Th2, Th17) in these HC subjects, and
present a new framework to assess imbalance between cytokine
pairs in central nervous system (CNS) disorders including MS,
AD, PD, and dementia with Lewy bodies (DLB).

MATERIALS AND METHODS

Standard Protocol Approvals and Patient

Consents
This study was carried out in accordance to US Code of Federal
Regulations Title 45 Part 46 Protection of Human Subjects, and
Emory University and Emory School of Medicine policies. The
protocols were approved by the Emory University Institutional
Review Board. Banked CSF samples were used for this study,
and all subjects had previously given written informed consent
according to the Declaration of Helsinki for long-term sample
storage and future analysis.

Subject Characterization
Older HC and AD subjects (n = 52, median age 69, range
48–89) were recruited during a previous study on CSF and
MRI biomarkers of aging and dementia in Caucasian and
African Americans (13). Younger HC subjects were recruited
from the Emory Cognitive Neurology Clinic, Emory Alzheimer’s

Disease Research Center, and Emory University in an on-
going study of pre-symptomatic carriers for dominantly-
inherited frontotemporal lobar degeneration, and a separate
study examining CSF biomarkers of HIV. All HC subjects
underwent detailed neuropsychological testing (14) to confirm
normal cognition. Older and younger HC subjects were then
combined to form a continuum (median age 60; range 22–
105), with 52/105 (50%) HC subjects younger than 60 years of
age. MS (n = 18, median age 48, range 28–74), PD (n = 37,
median age 69, range 41–81), and DLB (n = 23, median age 68,
range 47–80) were recruited from the Emory Neuroimmunology,
Movement Disorders, and Cognitive Neurology Clinics. Because
recruitment was completed prior to the latest revisions in
diagnostic criteria for MS and DLB in 2017, all MS patients
were diagnosed according to the 2010 revised McDonald criteria
(15), and all DLB patients were diagnosed according to the
2005 McKeith criteria (16). PD patients had clinical features
and findings consistent with the Movement Disorders Society
Parkinson’s disease criteria (17).

CSF Collection
CSF samples were all previously collected using a modified
Alzheimer’s Disease Neuroimaging Initiative protocol at
Emory University (18). Briefly, CSF was collected into 15mL
polypropylene tubes via a 24-gauge atraumatic needle and syringe
aspiration without overnight fasting. CSF in polypropylene tubes
was immediately inverted several times, aliquotted (500 µL),
labeled, and frozen at −80◦C until analysis. CSF samples from
13 young HC subjects (mean age 37.0, range 23–54) were
centrifuged at 2,500 rpm after collection before freezing. We
previously carried out a prospective experiment centrifuging
in this condition half of freshly collected CSF in 16 subjects,
and compared levels of eight CSF cytokines (including the four
included in the current study) in the supernatant with levels from
the uncentrifuged halves. We showed that centrifugation did not
influence measured cytokine levels (19), and these samples can
be analyzed together. We have also determined the stability of
each analyte through freeze-thawing following a pre-established
protocol such that the measured levels from frozen samples most
closely reflect in vivo levels (18).

CSF Cytokine Analysis
Four inflammatory proteins were selected for their preferential
association with innate immunity or different immune cell
populations, including tumor necrosis alpha (TNF-α) (20), Th-2
related interleukin 10 (IL-10) (21), and Th17-related interleukin
8 (IL-8/CXCL8) (22). Levels of Th1-associated interferon gamma
were not consistently detectable, and a downstream marker
interferon gamma-induced protein (IP-10/CXCL10, Th1) (23)
was used instead as a surrogate. Assays were performed in
a Luminex 200 platform using the Merck-Milliplex MAP
Human Cytokine Panel (HCYTOMAG-60K, Merck-Millipore,
Burlington, MA) following the manufacturer’s protocol except
two 100 µL aliquots of CSF were used for duplicates instead
of what was stated in the protocol. IL-9 is also associated with
Th17 pathways but its CSF alterations are challenging to interpret
because of influence from race and potentially other factors
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FIGURE 1 | CSF levels of four reliably-measured cytokines in healthy control

subjects (HC), multiple sclerosis (MS), Alzheimer’s disease (AD), Parkinson’s

disease (PD), and dementia with Lewy bodies (DLB). *p < 0.05 compared

to HC.

(Wharton and Hu, unpublished data). Analysis involving IL-
9 was thus deferred here. IL-6 was also not measured because
its CSF levels were found to be normal in multiple previous
studies including in aging, AD (5, 24, 25), and MS (26–29),
potentially confounded by the large inter-individual variability
(30). Intermediate precision achieved in our laboratory using
thirteen biological replicates (different aliquots from the same
lumbar puncture for thirteen subjects) over 9 weeks was 4.8% for
IP-10, 9.4% for TNF-α, 16.5% for IL-10, and 12.0% for IL-8.

Statistical Analysis
HC subjects were analyzed with age as a continuous variable
or according to categories each spanning two decades of life:
20–39, 40–59, and 60–79. Six subjects older than 80 (range 81–
86) were combined with the last group to form the category
of ≥60. For basic demographic comparison, Chi-squared tests
and analysis of variance were used to determine categorical
and continuous baseline variables across the five diagnostic
categories (HC, MS, AD, PD, DLB). CSF IP-10 levels did not
have a normal distribution, and were thus log10-transformed.
Analysis of co-variance (ANCOVA) was used to analyze the main
effect of diagnosis on CSF cytokine levels, adjusting for age and
sex. Pearson’s correlational analysis was used to determine the
association between cytokines. Regression analysis was used to
determine the impact of inflamm-aging in HC subjects with
log10-transformed IP-10, age, and gender, and the interaction
between age and log10(IP-10) as variables.

To determine impact of neurological disorders on inflamm-
aging, levels of log10(IP-10), TNF-α, IL-10, and IL-8 were
Z-transformed to adjust for absolute level and distribution
differences between the cytokines. Specifically, mean and
standard deviation values were calculated for each cytokine
from all HC subjects, and all subjects’ cytokine levels were then

converted to Z-scores. Regression analysis was then used to
determine the impact of disease on inflamm-aging, with log10(IP-
10), age, gender, age X log10(IP-10), and diagnosis X log10(IP-10)
as variables.

RESULTS

Among 105HC subjects, CSF levels of TNF-α, IL-10, and IP-10 all
strongly correlated with one another (R range of 0.354–0.449, p
< 0.001), while IL-8 only correlated with IP-10 levels (R= 0.469,
p < 0.001). Univariate analysis showed higher levels of TNF-α,
IP-10, IL-10, and IL-8 in MS than HC (Figure 1). In contrast,
univariate analysis identified AD as the only non-MS disorder
associated with higher levels of a single cytokine (IL-8) than HC
(Figure 1). Regression analysis including HC and MS patients
taking into account age, gender, MS diagnosis, and MS treatment
showed MS treatment to be associated with relative decrease in
IL-10 levels (p= 0.014).

Because inflamm-aging can potentially complicate the
interpretation of group-level comparisons, we next explored
the effects of age on CSF cytokine levels in HC subjects using
regression analysis. Consistent with a pro-inflammatory bias,
TNF-α (R = 0.250, p = 0.010), IP-10 (R = 0.453 for log10-
transformed values, p < 0.001) and IL-8 (R = 0.439, p < 0.001)
levels all increased with age (Table 1, Figure 2) while controlling
for gender. Interestingly, instead of a linear or step-wise increase,
we observed a trend of lower CSF IL-10 levels in the middle-aged
group (40–59) than the older and younger groups (Table 1).
This led us to model this U-shaped relationship between age and
IL-10 levels using a quadratic equation (Figure 2, R = 0.495, p
< 0.001), with the inflection point (lowest levels) at 50 years of
age. ANCOVA showed that MS was associated with greater IP-10
[F(2,123) = 14.537, p < 0.001], TNF-α [F = 19.321, p < 0.001],
IL-10 [F = 18.921, p < 0.001], and IL-8 [F = 23.358, p < 0.001]
levels (Figure 2), but only IP-10 and IL-8 increased with age in
MS (p < 0.001 for both).

Beyond paralleled increases in cytokine levels beyond the
age of 50, we further analyzed if age modified the relationship
between Th1-associated IP-10 and other cytokines by examining
the interaction between age and IP-10. This showed that, not only
is there an age-associated increase in these CSF cytokines, age
further accentuated the positive correlation between IP-10 and
TNF-α, IL-10, and IL-8 levels (p< 0.001 for the interaction terms,
Table 2) after controlling for gender. These findings suggest
relatively greater increases in these three cytokines for each
standard unit of age-associated increase in IP-10, in keeping with
a consistent phenotype switch from Th1 to innate immunity (31)
and Th2 (7) phenotypes.

While inflammatory changes are either pathogenic (e.g., MS)
or commonly observed in neurodegenerative disorders (e.g., AD,
PD), it is not clear if each neurological disorder can specifically
alter the balance between cytokines linked to inflamm-aging. We
thus analyzed if IP-10 levels interacted with disease status in
addition to its interaction with age (Figure 3) by examining if
each disease alters the slope linking IP-10 and the three other
cytokines. We found that, for each standard deviation increase
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TABLE 1 | Basic demographic and CSF cytokine levels of people with healthy

control (HC) with normal cognition according to age group as well as multiple

sclerosis (MS).

MS (n = 18) NC, 20–39

year (n = 23)

NC, 40–59

year (n = 29)

NC, ≥60

year (n = 53)

Male 4 (22%) 16 (70%) 11 (38%) 24 (45%)

Age (SD), year 50.0 (12.8) 31.9 (4.2) 52.8 (5.8) 69.5 (6.6)

Disease duration

(SD), yr

11.0 (12.9) – – –

MS Type

RRMS 15

PPMS 2

SPMS 1

Current MS

therapy

8

Interferon β-1a 2

Glatiramer

acetate

2

Fingolimod 2

Dimethyl

fumarate

1

Natalizumab 1

TNF-α (SD), pg/mL 4.55 (5.78)* 1.51 (0.76) 1.75 (1.28) 2.11 (0.89)

IP-10 (SD), pg/mL 5.61 (4.64)** 2.46 (2.71) 3.09 (3.38) 4.07 (2.65)

IL-10 (SD), pg/mL 9.51 (12.20)* 4.57 (2.48) 2.82 (1.87) 5.30 (2.93)

IL-8 (SD), pg/mL 119.1 (35.2)* 67.5 (22.9)† 88.4 (21.3) 96.4 (31.5)

RRMS, relapsing-remitting MS; PPMS, primary progressive MS; SPMS, secondary

progressive MS.

*Higher in MS than other groups.

**Higher in MS than 22–39 and 40–59 year old groups.
†
Lower in the youngest group than the other two.

in IP-10 beyond the age-associated effect on IP-10, both MS (p <

0.001) and AD (p = 0.026) were associated with greater change
in TNF-α than HC, AD was associated with greater change in
IL-10 levels (p = 0.018) than HC, and MS was associated with
greater change in IL-8 levels (p = 0.013) than HC. Importantly,
these interactions were independent of the age-associated shift.
While PD and DLB were associated with greater TNF-α levels
and lower IL-8 levels than NC, these disorders did not modify the
inflamm-aging relationships between IP-10 and other cytokines.
Combining subjects with PD and DLB as Lewy body disease did
not change the outcomes.

DISCUSSION

Inflamm-aging is known to occur in the blood (32, 33) and bone
marrow (34), but only limited evidence exists in the human CNS
(35, 36). Here we show in a cross-sectional cohort spanning seven
decades of life that CSF levels of cytokines associated with innate
immunity, Th1, Th2, and Th17 all increased with age. We further
show that these cytokines did not increase according to age at
the same rates, and aging was associated with greater relative
increases in cytokines levels linked to innate immunity, Th2,
and Th17 than Th1. Finally, we show that MS and AD further

FIGURE 2 | Effects of age on cytokine levels in HC and MS. Open circles and

dotted lines (with associated p-values) represent individual values and best fit

lines for HC subjects; orange circles and orange lines represent individual

values and best fit lines for MS subjects.

TABLE 2 | Age modifies the relationship between IP-10 and other cytokines in HC

(coefficients and p-values are shown).

TNF-α IL-10 IL-8

Age, year −0.007 (p = 0.357) −0.052 (p = 0.053) −6.259 (p = 0.207)

Male gender 0.133 (p = 0.456) 0.955 (p = 0.047) −6.838 (p = 0.161)

log10(IP-10) 0.287 (p = 0.780) −3.985 (p = 0.146) −4.000 (p = 0.888)

Age X log10 (IP-10) 0.023 (p < 0.001) 0.146 (p = 0.003) 0.759 (p < 0.001)

accentuate the age-associated phenotype shift from Th1 to non-
Th1 pathways independent of inflamm-aging. Altogether, these
CSF findings provide evidence for inflamm-aging in the CNS,
and put forth the hypothesis that some–but not all–neurological
disorders mimic key features of inflamm-aging.

Inflamm-aging is thought to result from chronic unresolved
infection and immunosenesence among other factors (37). There
is a general paucity of evidence for inflamm-aging in the human
CNS due to limited availability of normal post-mortem brain
tissue across the life span (36, 38, 39). Using brains from 57
neuropathologically and cognitively normal people from seven
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FIGURE 3 | Effects of neurological diseases on the relationship between

Th1-associated IP-10 and cytokines associated with innate immunity (TNF-α),

Th2 (IL-10), and Th17 (IL-8). Cytokine levels were normalized according to HC

(Continued)

FIGURE 3 | mean and standard deviation values for illustrative purposes.

Accounting for inflamm-aging showed that MS and AD enhanced the

relationship between these cytokines, while PD and DLB changed the

absolute cytokine levels without altering the relationships. Dotted lines

represent best fit line for HC subjects.

brain banks, an expression analysis showed aging and AD to
each upregulate genes associated the complement pathway and
the toll-like receptors (39). They also identified brain IL-10 as
a cytokine implicated in inflamm-aging, in keeping with our
findings of age- and AD-associated increase in IL-10 relative to
IP-10 elevations. However, a difference in brain IL-10 expression
was not reported by a subsequent RNA-Seq study examining 79
subjects when cases were analyzed according to age (under 60
or over 60) (36), possibly due to the U-shaped distribution of
CSF IL-10 levels according to age. This age-dependent U-shaped
curve can also potentially account for inconsistent findings of
normal (28, 40, 41) or elevated (29, 42). CSF IL-10 levels in
MS patients from cross-sectional studies. At the same time, the
aging-associated trough for CSF IL-10 levels in the fifth decade
may identify a window during which the brain is susceptible to
immune-mediated processes. Because the peak age at onset for
MS precedes this natural IL-10 decline by one to two decades, it
is conceivable that patients with MS may experience this IL-10
trough–and the associated unopposed increase in TNF-α, IP-10,
and IL-8–earlier in life. Indeed, age at onset has prognostic roles
in initial phenotype, progression, and disability (43–45), and the
CSF cytokine milieu at onset may better represent biological
age with respects to neuroinflammation than chronological age.
While definitive testing of this hypothesis would require pre-
symptomatic identification of MS patients, healthy young adults
at increased risks for MS through family history or a GWAS-
based polygenic risk score (46) may determine candidate genes
associated with premature IL-10 decline.

Increased CSF TNF-α, IP-10, and IL-8 levels have been
previously reported in untreated and treated MS (29, 47–51). A
treatment-associated decrease in IL-10 levels in MS may seem
contradictory at first especially if premature IL-10 decline may
be a risk factor for MS. Previous studies have shown coupled
increase of CSF TNF-α and IL-10 during MS flare-ups (52)
as well as their coupled normalization after interferon-β or
natalizumab treatment (53, 54). Therefore, lower IL-10 levels
in treated vs. untreated MS patients likely reflect generalized
reduction in immune activation, and MS-treatment does not
attenuate the bias toward IL-10 from IP-10. It remains to be
determined whether individual cytokine levels or the relative
balance between cytokines better predict disease progression or
response to therapy.

The exact mechanisms underlying inflamm-aging are not
clear. Relevant to the CNS, aging is associated with dendritic
remodeling (55), reduced CSF outflow (56), increasing risks
of tau-related pathology (57), premature immunosenescense
(58), and often white matter hyperintensity associated with
cerebrovascular disease on MRI. While we cannot clearly
distinguish between CSF cytokine changes due to chronological
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aging, immunosenescence, and cumulative subclinical injury
common in aging (e.g., ischemia, hypoxia), our work–to the best
of our knowledge–provides the first CSF-based evidence for CNS
inflamm-aging. Major strengths of the current study include the
pooling of subjects with HC and neurological disorders based
on standardized collection protocols across multiple sites, and
the joint analysis of cytokine levels with age-adjusted balance
between cytokines. At the expense of scope, we restricted our
analysis to four CSF analytes for their readily detectable levels
(e.g., CSF IFN-γ and IL-4 are not easily detected in most
CSF samples), measurement accuracy (e.g., some commercial
assays fail to validate when non-kit protein standards are used),
high intermediate precision (reproducibility between assays run
on different days), stability during processing (e.g., freeze-
thawing), and invariance across racial groups. Omitting cytokine
measures that fall short on specificity or reproducibility allowed
for more consistent statistical analysis to address inflamm-
aging and to detect linear as well as the U-shaped trends.
It is important to note that the cross-sectional nature of our
study is suggestive–not confirmatory–of an age-related change
over time. An independent validation cohort and longitudinal
analysis within the same individuals are necessary to confirm
these findings. We also did not quantify different cell types
in the CSF, and immunophenotyping will be necessary to test
whether cytokine level changes are due to cell type switch,
hyperactivity, or both. Because of our focus on CNS inflamm-
aging, we did not measure plasma cytokines because we have
previously found little correlation between plasma and CSF
cytokine levels in HC or people with neurological diseases. In
keeping with this, prior studies reported dissociated patterns of
plasma and CSF cytokine alterations in MS, but a comparative
study of peripheral and CNS inflamm-aging may bring about

additional insight. Nevertheless, we present a new framework
for simultaneously evaluating CSF cytokines related to inflamm-
aging and neurological disorders that goes beyond up- or down-
regulation, and extends the Th1 to non-Th1 shift associated with
aging to AD.
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Multiple sclerosis is a chronic immune mediated demyelinating disease leading to

neurological disabilities that need to be diagnosed and treated early. Guidelines on

multiple sclerosis diagnosis and monitoring experienced comprehensive changes over

the last decades. The first McDonald criteria published in 2001 emphasized the

importance of MR imaging but also recognized the role of cerebrospinal fluid diagnostics.

The demonstration of an intrathecal immunoglobulin G synthesis is a well-established

additional component and has a long tradition in the diagnosis of relapsing-remitting

multiple sclerosis. However, the role of cerebrospinal fluid for diagnostic purposes was

rather diminished in each revision of the McDonald criteria. In the latest revision of the

McDonald criteria of 2017, the detection of an intrathecal immunoglobulin G synthesis as

oligoclonal bands experienced a revival. Patients with the first clinical event suggesting

multiple sclerosis who fulfill the criteria for dissemination in space can be diagnosed with

relapsing-remitting multiple sclerosis when oligoclonal bands in cerebrospinal fluid are

detected. The diagnostic sensitivity of these novel criteria with a focus on dissemination

in time and oligoclonal bands as a substitute for dissemination in time was published

in different cohorts in the last year and is of special interest in this review. Recently

published data show that by applying the 2017 McDonald criteria, multiple sclerosis can

be diagnosed more frequently at the time of first clinical event as compared to the 2010

McDonald criteria. The main effect was due to the implementation of oligoclonal bands as

a substitute for dissemination in time. However, careful differential diagnosis is essential in

patients with atypical clinical manifestations to avoid misdiagnoses.

Keywords: multiple sclerosis, clinically isolated syndrome, McDonald criteria, MRI, oligoclonal bands,

cerebrospinal fluid
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INTRODUCTION

Multiple sclerosis is the most frequent chronic
inflammatory demyelinating disease in young adult leading
to long term disability (1). Multiple sclerosis is characterized by
inflammation in different regions of the central nervous system
which is called dissemination in space (DIS) (2–6). Furthermore,
inflammation of the central nervous system has to be recurring
which is called dissemination in time (DIT) (2–6). Both criteria
DIS and DIT have to be fulfilled either by clinical disease
course with relapses and different neurological symptoms
or by magnetic resonance imaging (MRI) demonstrating
inflammatory lesions in different regions and different activity
stages to diagnose multiple sclerosis (3–6). Since disease-
modifying therapies administered in an early stage of multiple
sclerosis have the potential to prevent relapses and future
disabilities, an early diagnosis is essential (7–10). The McDonald
diagnostic criteria for relapsing-remitting multiple sclerosis
facilitated an early and accurate diagnosis in clinical practice
(4, 6, 10, 11). In 85% of multiple sclerosis patients, the clinical
manifestations start with a clinically isolated syndrome, the
first clinical episode of the chronic inflammatory demyelinating
disease (10, 12). Multiple sclerosis can be diagnosed when a
typical clinically isolated syndrome is followed by a new clinical
event with new symptoms which would be then considered as
the second relapse. Alternatively, one or more new T2 and/or
contrast enhancing lesions on a follow-up MRI scan could also
demonstrate DIT allowing the diagnosis of multiple sclerosis in
these patients when lesions in different regions of the central
nervous system have also be found in one of the MRI scans
or when the patient experienced symptoms related to different
regions (4–6, 10). Since the introduction of the McDonald
criteria of 2010 multiple sclerosis can be diagnosed based on
a single baseline MRI scan showing at least one asymptomatic
contrast enhancing lesion and non-enhancing lesions (5). The
revised McDonald criteria of 2017 contain several novelties in
the diagnosis of multiple sclerosis (2, 13). The criteria are easier
to apply than the 2010 McDonald criteria, since it is no longer
necessary to differentiate between cortical and juxtacortical MRI
lesions and between symptomatic and asymptomatic contrast
enhanced MRI lesions to fulfill the criterion for DIS (2). Further
changes are that cortical lesions and symptomatic brainstem
and spinal lesions can be used to demonstrate DIS (2). DIT can
be demonstrated by contrast enhanced lesions independently
whether they are asymptomatic or symptomatic, which has been
shown to increase the sensitivity of MRI criteria for diagnosing
multiple sclerosis without compromising specificity (2, 14).
However, the presence of oligoclonal bands in cerebrospinal
fluid can also be used to substitute for DIT, which has been
supported by the observation that oligoclonal bands are an
independent risk factor for further clinical episodes in patients
with clinically isolated syndrome (3, 9, 15). Thus, cerebrospinal
fluid diagnostics with the detection of oligoclonal bands is
essential for patients who experienced a clinically isolated
syndrome, allowing the diagnosis of multiple sclerosis whenMRI
scan meets criteria for DIS (2). The impact of the new McDonald
criteria for the diagnosis of multiple sclerosis was in the focus of

several investigations during the past year. The objective of this
review is to review and to summarize these data from different
cohorts and to verify if the diagnosis of multiple sclerosis has
been improved using the McDonald criteria of 2017.

OLIGOCLONAL BANDS IN MULTIPLE

SCLEROSIS

The significance of cerebrospinal fluid examination for multiple
sclerosis diagnosis decreased successively in each revision of the
McDonald criteria until 2010 but still remained an important
diagnostic test (2). The qualitative demonstration of two or more
cerebrospinal fluid specific oligoclonal bands is themost sensitive
method to show an intrathecal IgG antibody synthesis (16–18).
The highest sensitivity and specificity of oligoclonal band testing
can be achieved with the method of isoelectric focusing (16–18).
To confirm that oligoclonal bands are exclusive to cerebrospinal
fluid, paired cerebrospinal fluid and serum samples have to be
analyzed in parallel and equal amounts of IgG have to be applied
(2). Visualization of oligoclonal bands is preferentially performed
by IgG specific antibody staining or by a general protein staining
(16). Five isoelectric focusing patterns of oligoclonal bands
are differentiated following the recommendations of the first
European consensus on cerebrospinal fluid analysis in multiple
sclerosis (16). Isoelectric focusing pattern type 1 are defined as
absence of oligoclonal bands in the cerebrospinal fluid. Type 2
represents oligoclonal bands restricted to the cerebrospinal fluid
(local synthesis). Type 3 means oligoclonal bands restricted to
the cerebrospinal fluid and additional identical oligoclonal bands
in cerebrospinal fluid and serum (local and systemic synthesis).
Type 4 represents identical oligoclonal bands in cerebrospinal
fluid and serum (systemic synthesis, no local synthesis). Type
5 demonstrates monoclonal bands in cerebrospinal fluid and
serum (paraproteinemia, no local synthesis).

In recent studies, about 70% of patients with clinically
isolated syndrome and more than 90% of patients with
multiple sclerosis were tested oligoclonal bands positive (19–
27). It has been demonstrated that the presence of oligoclonal
bands has a positive predictive value of 97%, a negative
predictive value of 84%, a sensitivity of 91%, and a specificity
of 94% for developing relapsing-remitting multiple sclerosis
after clinically isolated syndrome (28). Oligoclonal bands can
also serve as biomarker to predict conversion from clinically
isolated syndrome to multiple sclerosis (29). Studies applying
older McDonald criteria to diagnose multiple sclerosis showed
that the presence of oligoclonal bands in clinically isolated
syndrome patients doubled the risk to develop multiple sclerosis
independent of the MRI findings (3). Furthermore, two recent
studies demonstrated that clinically isolated syndrome patients
with oligoclonal bands were twice as likely to convert to multiple
sclerosis according to McDonald criteria of 2010 as oligoclonal
bands negative patients (29, 30). The probability to develop
multiple sclerosis was even more pronounced when referred
to quantitative intrathecal IgG synthesis (Reiber graphs) (29).
On the other side, it should be noted that the finding of
oligoclonal bands by isoelectric focusing is not specific for
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multiple sclerosis. The differential diagnosis for the presence
of oligoclonal bands comprises various other autoimmune
diseases such as autoimmune encephalitis, cerebral vasculitis, and
neurosarcoidosis and numerous infectious diseases such as viral
encephalitis, neuroborreliosis, and neurosyphilis (31–37). The
exclusion of alternative diagnoses is fundamental in patients with
a clinically isolated syndrome and in general in patients with
suspected CNS inflammatory disease (19, 20).

McDONALD CRITERIA

McDonald Criteria 2001
In 1983, the Poser criteria originally incorporated oligoclonal
bands into multiple sclerosis diagnostic criteria to stress
paraclinical evidence of inflammatory damage in the central
nervous system (11, 38). The subsequent McDonald criteria
of 2001 replaced the Poser criteria and established the use of
MRI as a central tool in the diagnosis of multiple sclerosis
(4, 38). The 2001 McDonald criteria demanded evidence
of dissemination of lesions in both space and time which
could be demonstrated clinically or by MRI supported by
other paraclinical diagnostic methods like cerebrospinal fluid
examination to enable the diagnosis of multiple sclerosis in
patients with different clinical presentations (4, 38). DIS was
defined according to the Barkhof–Tintoré MRI criteria for brain
abnormalities in multiple sclerosis (three of the four: ≥1 Gd-
enhancing or ≥9 T2-hyperintense lesions, ≥1 infratentorial, ≥1
juxtacortical, and ≥3 periventricular lesions), or the presence of
2 silent T2-weighted brain lesions and oligoclonal bands (4, 38–
40). DIT could be demonstrated by evidence of a new contrast
enhanced lesion 3 months or by a new T2-hyperintensive lesion
6 months after the initial clinical event (4, 38–40). According
to the McDonald criteria of 2001 multiple sclerosis could be
diagnosed in an earlier stage in patients with clinically isolated
syndrome and showed high specificity (83%), sensitivity (83%),
positive predictive value (75%), negative predictive value (89%),
and accuracy (83%) for the risk to develop multiple sclerosis after
clinically isolated syndrome (38, 41).

McDonald Criteria 2005
In the 2005 revisions of the McDonald criteria of 2001, DIT was
evident when a MRI scan, which was performed at least 30 days
(instead of 90 days in the 2001 criteria) after the initial clinical
event showed a new T2 lesion or a new contrast enhanced lesion
was found 3 month after (6, 38). Changes of DIS criteria affected
MRI spinal cord lesions, which were considered equivalent to
a infratentorial brain lesion or counted as one brain lesion to
reach the required number of T2 lesions (6, 38). Furthermore,
enhancing spinal cord and brain lesions were equated (6, 38).

The detection of oligoclonal bands remained an additional
parameter to demonstrate DIS together with at least 2 multiple
sclerosis typical MRI lesions in relapsing-remitting multiple
sclerosis (6, 38). The revision resulted in higher sensitivity (77%)
and accuracy (86%) in the diagnosis of multiple sclerosis after
clinically isolated syndrome with maintaining the high specificity
(90%) of the original McDonald criteria (38, 42).

McDonald Criteria 2010
The major achievement of the 2010 revision of the McDonald
criteria was that multiple sclerosis can already be diagnosed with
a single baseline MRI at the time of first clinical manifestation
(5, 38, 43). DIT could be demonstrated when on MRI scan
at any time asymptomatic gadolinium enhancing and non-
enhancing lesions were simultaneously present or when any T2
or gadolinium enhancing lesion(s) could be found on follow up
scan any time after the baseline scan (5, 38, 43). Furthermore,
DIS was easier to achieve by demonstration of at least one T2
lesion in at least two of four central nervous system locations:
juxtacortical, periventricular, infratentorial, and spinal cord (5,
38, 43). However, symptomatic brainstem and spinal cord lesions
could neither be used for DIT nor DIS (5, 38, 43). On the
other side, cerebrospinal fluid diagnostic including presentation
of oligoclonal bands lost its role in supporting the diagnosis of
relapsing-remitting multiple sclerosis (5, 38, 43).

The revision of the McDonald criteria of 2010 was intended
to make diagnostic work-up easier and more efficient by
reducing the number of MRI scans but contained pitfalls for
neuroradiologist who had to differentiate between symptomatic
and asymptomatic lesions (5, 38). It has also led to an earlier
definite diagnosis of multiple sclerosis (25, 38). Nevertheless,
clinicians were cautioned not to overemphasize MRI findings
without making a thorough clinical evaluation and careful
differential diagnosis, as the MRI criteria do not distinguish
between multiple sclerosis and other disorders that can cause
similar changes in the central nervous system (44, 45). This
concern has been demonstrated in a recent study which included
168 patients with headache who presented with T2 white matter
hyperintensities on brain MRI. In 2.4% of these patients MRI
lesions were in contact with cortical and ventricular surfaces thus
fulfilling the Barkhof-Tintoré criteria for multiple sclerosis and in
7.1% of these patients MRI lesions were at least close with having
an edge within 3mm of the surfaces (38, 46). When applying
the McDonald criteria of 2010, numbers even increased to 24.4%
of patients who met the imaging criteria for multiple sclerosis
and 34.5% of patients whose lesions were close to cortical and
ventricular surfaces (38, 46).

McDonald Criteria 2017
One of the most important changes in the 2017 revised
McDonald criteria is that oligoclonal bands can be taken as a
substitute for DIT, and thus, can be used to establish the diagnosis
of multiple sclerosis after the first clinical event and a single
brain MRI (2, 45). These new implications based on observations
demonstrating that in patients who fulfilled the criteria of
DIS, the additional presence of oligoclonal bands increased the
specificity and has a high positive predictive value for diagnosis of
multiple sclerosis (2, 25, 30, 45, 47). Cerebrospinal fluid analysis
is not only important to determine oligoclonal bands but also
to exclude differential diagnosis by assessing atypical parameters
such as an elevated protein concentration, pleocytosis with >50
cells/µl, or the presence of neutrophils, eosinophils, atypical cells
(18, 25). Furthermore, the distinction from neuromyelitis optica
spectrum disease, a demyelinating disease with overlapping
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clinical, imaging, and cerebrospinal fluid features, is in particular
important due to the different treatment (2).

Further changes in the 2017 McDonald criteria apply to MRI
activity. The 2010 McDonald criteria did not allow symptomatic
brainstem or spinal cord lesions to demonstrate DIT or DIS to
avoid so-called double counting. Since several studies indicated
that the inclusion of symptomatic lesions increased the diagnostic
sensitivity with slight affection on specificity (2, 14, 48) the
2017 McDonald criteria allow now including symptomatic and
asymptomatic MRI lesions in the determination of DIS and DIT.
Furthermore, in the new McDonald criteria cortical lesions are
equivalent to juxtacortical lesions. Since histopathological studies
have shown that cortical lesions and juxtacortical lesions are
typical of multiple sclerosis and MRI techniques improved to
identify these lesions, cortical lesions can now be used to fulfill
MRI criteria for DIS (2, 49, 50). However, cortical lesions have
to be considered carefully, since standard MRI has limited ability
to detect and distinguish cortical lesions from other causes and
artifacts (2).

Recently published data show that by applying the 2017
McDonald criteria, multiple sclerosis can be diagnosed more
frequently at the time of first clinical event (10, 51–56). We
previously investigated the diagnostic sensitivity in 325 patients
with a clinical event suggestive of multiple sclerosis and found
that 70 patients (22%) were diagnosed with multiple sclerosis
when the 2005 criteria were applied (25). The McDonald criteria
of 2010 allowed already a higher number of 136 patients (42%) to
be designated as havingmultiple sclerosis (25). Application of the
new McDonald criteria of 2017 on the same cohort allowed the
diagnosis of definite multiple sclerosis in 78 additional patients
(in total 214 patients; 66%) (56). Seventy-six of the 78 newly
diagnosed patients with multiple sclerosis presented oligoclonal
bands (56). These effects of the new McDonald criteria on
earlier diagnosis of multiple sclerosis results were confirmed by
additional recently published studies (summarized in Table 1).

Habek and colleagues investigated 113 patients with clinically
isolated syndrome and found that 83 patients (74%) could be
diagnosed with multiple sclerosis by applying the McDonald

FIGURE 1 | Distribution of patients diagnosed with clinically isolated syndrome

(CIS) and multiple sclerosis (MS) according to McDonald criteria of 2010 and

2017. Distribution was created with pooled data from Schwenkenbecher et al.

(56); Hyun et al. (54), Habek et al. (53), van der Vuurst de Vries et al. (10), Lee

et al. (55), and McNicholas et al. (57).

criteria of 2017, whereas the McDonald criteria of 2010 allowed
only 39 patients (35%) to be designated as having multiple
sclerosis (53). The sensitivity was higher for the new McDonald
criteria (85%) as compared to the McDonald criteria of 2010
(41%), however, the specificity dropped from 85% in the
criteria of 2010 to 63% with the criteria of 2017 (53). In
the study of van der Vuurst de Vries and colleagues 97 of
180 patients (54%) fulfilled the McDonald criteria of 2017 in
contrast to only 46 of 180 patients (26%) by applying the
McDonald criteria of 2010 (10). The sensitivity was higher for
the 2017 criteria than for the 2010 criteria (68 vs. 36%), but
the specificity was lower (61 vs. 85%) (10). Hyun and colleagues
found similar results when applying the McDonald criteria
of 2017 in Korean clinically isolated syndrome patients and
described higher sensitivity (88.8%) and accuracy (70.6%) but
lower specificity (43.1%) compared with the 2010 McDonald
criteria (sensitivity: 53.1%, accuracy 69.2%, specificity 59.5%) for
prediction of conversion (54). Again, more clinically isolated
syndrome patients could be diagnosed with multiple sclerosis
by using the new criteria (76%) as compared to 2010 criteria
(44%) (54). Lee and colleagues investigated a large cohort of
290 clinically isolated syndrome patients and identified 52%
of patients with the diagnosis of multiple sclerosis according
to the McDonald criteria of 2010 (55). The application of the
McDonald criteria of 2017 increased the number of multiple
sclerosis patients to 94%, thus leaving only 6% of patients with
the diagnosis of clinically isolated syndrome (55). The high
number of multiple sclerosis patients differs from the other
described cohorts and might be explained by the fact that Lee
and colleagues included only patients with clinically isolated
syndrome who fulfilled MRI criteria for DIS in their cohort
(55). In contrast, in the cohort of van der Vuurst de Vries
and colleagues only 54% of clinically isolated syndrome patients
fulfilled DIS criteria (10). Similar results to Lee and colleagues
were found by Gaetani and colleagues who investigated clinically
isolated syndrome patients only (excluding patients diagnosed
with multiple sclerosis according to the McDonald criteria
of 2010) in combination with fulfilled DIS (52). Eighty-two
percent of these clinically isolated syndrome patients could be
diagnosed with multiple sclerosis by applying the McDonald
criteria of 2017 (52). McNicholas and colleagues compared the
time to diagnosis when applying the 2017 McDonald criteria
in a cohort of patients who had been diagnosed with multiple
sclerosis according to the McDonald criteria of 2010 and found
a significant improvement (57). The median time to diagnosis
could be reduced from 7.4 months (McDonald 2010) to 2.3
months (McDonald 2017) (57). In total, the 2017 McDonald
criteria allowed 142/250 patients (57%) to receive an earlier
diagnosis. CSF data were available in 200/250 patients and the
authors found that the presence of oligoclonal bands allowed an
earlier diagnosis in 127/200 patients. The authors describe that
40 of 250 patients (16%) initially fulfilled the 2010 McDonald
criteria for multiple sclerosis in an outpatient setting. The 2017
McDonald criteria would have allowed 110 patients (44%) to be
diagnosed with multiple sclerosis. However, the authors describe
that the extent of investigations carried out prior to first review
in this group varied greatly according to the referral source.
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Gobbin and colleagues investigated a cohort of 55 patients with a
first demyelinating event. Forty-nine of these 55 patients fulfilled
the multiple sclerosis diagnostic criteria according to McDonald
2010 after a follow-up of 7 months (0–73) (58). A higher number
of 54 of these patients were diagnosed withmultiple sclerosis after
1 month (0–64) when the 2017 McDonald criteria were applied.

Five studies calculated the sensitivity for conversion to
multiple sclerosis by applying the 2017 McDonald criteria which
ranged from 68 to 100% (10, 53–55, 58). The specificity was low
in these studies and ranged from 13.8 to 63% for the new criteria.
However, a low specificity is expected when retrospectively
testing newer and more inclusive criteria compared to older
and less inclusive diagnostic criteria. Furthermore, there are
several bias due to limitations that need to be critically discussed:
the studies included a low number of patients and short time
of follow-up; the exposure to disease-modifying drugs during
follow-up needs to be considered since it could lead to a delay
in the second clinical manifestation or in the appearance of new
MRI T2 or contrast enhancing lesions. These limitations within a
short time period might be a reason for a reduced disease activity
limiting the frequency of conversion rates to definitive multiple
sclerosis. Thus, future prospective studies with larger cohorts are
needed to evaluate the specificity of the new McDonald criteria.

Pitfalls by Applying McDonald Criteria 2017
While the McDonald criteria were developed to establish a
consensus for multiple sclerosis diagnosis, limitations are related
to alternative inflammatory central nervous system disorders
(2, 45). It is challenging to diagnose multiple sclerosis in
patients who indeed fulfill the diagnostic criteria but present
with uncommon clinical syndromes. Since theMcDonald criteria
are primarily to be applied in patients with a typical clinically
isolated syndrome, cases of an atypical clinical presentation are
challenging and require expertise in multiple sclerosis in order
to make a reliable diagnosis or an alternative diagnosis (2, 45).
MRI findings and clinical presentations can be misleading in
patients with migraine and vascular risk comorbidities (45). The
specificity for multiple sclerosis diagnosis may also be improved
by considering the perivascular distribution pattern of multiple
sclerosis lesions including the so called “central vein sign” to

differentiate vascular pathology and other inflammatory CNS
lesions from multiple sclerosis, the identification of callosal
lesions, thorough assessment of spinal cord lesions and at least
two different MRI sequences to confirm lesions (39, 45, 59).
Furthermore, the detection of oligoclonal bands can support
the diagnosis of multiple sclerosis or when absent should lead
to a thorough re-evaluation (45). On the other hand, it could
also be shown that initially oligoclonal bands negative multiple
sclerosis patients were eventually tested positive in a follow-
up spinal tap (60, 61). Therefore, a second lumbar puncture
is desirable in patients with a questionable multiple sclerosis
diagnosis and in patients with clinically isolated syndrome at high
risk to develop multiple sclerosis (25). However, although highly
prevalent, oligoclonal bands are not specific for multiple sclerosis
and can be also detected in numerous other autoimmune and
infectious central nervous system diseases (31–37).

CONCLUSION

The 2017 McDonald criteria were developed to allow a more
rapid diagnosis of multiple sclerosis and achieved their goal
at an impressive extent (Figure 1). The main effect was due
to the implementation of oligoclonal bands as a substitute for
dissemination in time. Alternative less technically demanding
and cost saving biomarker to oligoclonal bands might play a
role in a future revision of the McDonald criteria. However,
limitations of the 2017 McDonald criteria when applied on
atypical clinical manifestations and misleading MRI findings
should be carefully considered.
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In its early stages multiple system atrophy (MSA), a neurodegenerative movement

disorder, can be difficult to differentiate from idiopathic Parkinson’s disease (PD),

and emphasis has been put on identifying premotor symptoms to allow for its early

identification. The occurrence of vegetative symptoms in addition to motor impairment,

such as orthostatic hypotension and neurogenic bladder dysfunction, enable the clinical

diagnosis in the advanced stages of the disease. Usually with further disease progression,

laryngeal abnormalities become clinically evident and can manifest in laryngeal stridor

due to impaired vocal fold motion, such as vocal fold abduction restriction, mostly

referred to as vocal fold paresis, or paradoxical vocal fold adduction during inspiration.

While the pathogenesis of laryngeal stridor is discussed controversially, its occurrence

is clearly associated with reduced life expectancy. Before the clinical manifestation

of laryngeal dysfunction however, abnormal vocal fold motion can already be seen

in patients that might not yet fulfill the diagnostic criteria of MSA. In this article we

summarize the current literature on pharyngolaryngeal findings in MSA and report

preliminary findings from a pilot study investigating eight consecutive MSA patients.

Patients showed varying speech abnormalities. Only 2/8 patients exhibited laryngeal

stridor. However, during FEES, all patients presented with irregular arytenoid cartilages

movements and vocal fold abduction restriction. 3/8 showed vocal fold fixation and

1/8 paradoxical vocal fold motion. All patients presented with oropharyngeal dysphagia,

5/8 with penetration or aspiration events. We suggest that specific abnormal vocal fold

motion can help identifying MSA patients and may allow for delimiting this disorder

from idiopathic PD. These findings therefore may serve as a novel clinical biomarker

for MSA. Based on the available data and our preliminary clinical experience we

developed a standardized easy-to-implement task-protocol to be performed during
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flexible endoscopic evaluation of swallowing (FEES) for detection of MSA-related

pharyngolaryngeal movement disorders. Furthermore, we initiated a prospective study

to evaluate the diagnostic utility of this protocol.

Keywords: multiple system atrophy, laryngeal dysfunction, pharyngeal dysfunction, irregular arytenoid cartilage

movements, FEES, dysphagia, tremulous arytenoid movements, biomarker

INTRODUCTION

Multiple system atrophy (MSA) is a sporadic progressive
neurodegenerative disorder characterized by Parkinsonian
and cerebellar symptoms of varying severity and autonomic
dysfunction. Similar to Parkinson’s disease (PD), its age of onset
is in the 6th decade with both sexes equally affected (1, 2). In
contrast, MSA is a rapidly progressing disease, and mean survival
after diagnosis is 6–10 years (3, 4). Depending on the leading
presentation of the motor impairment, the disease is divided into
a Parkinsonian (MSA-P) and a cerebellar sub-type (MSA-C). In
a ratio of 2:1 to 4:1, MSA-P is more prevalent in the Americas,
Europe and Korea (5–7). In Japan however, MSA-C is the more
common (2). Currently, only symptomatic pharmacological and
non-pharmacological treatments are available (1, 8).

Despite its faster progression, MSA in its early stages can
be misinterpreted as PD or late-onset cerebellar ataxia and
therefore poses a major diagnostic challenge (1). It is usually
not until the advanced stages of the disease that autonomic
failure and urogenital dysfunction become apparent (9, 10),
which then, in addition to poor levodopa response, allow for
the diagnosis of probable or possible MSA according to the
current diagnostic criteria (11). Due to the diagnostic challenges
in the early phase of the disease, emphasis has been put on
identifying premotor symptoms to improve diagnostic accuracy
on one hand and delineate MSA from PD or other lookalikes on
the other (6, 12, 13). The European MSA study group (EMSA-
SG) developed a red flag check list and analyzed the prevalence
of 22 clinical features in 74 MSA and 116 PD patients (14). Of
these 22, 13 showed a specifity of >95% for MSA and where
grouped into six categories: early instability, rapid progression,
abnormal postures (including Pisa syndrome, disproportionate
antecollis and/or contractures of hand or feet), respiratory
dysfunction (including diurnal or nocturnal inspiratory stridor
and/or inspiratory sighs) and emotional incontinence. With
two or more of six red flag categories present specificity was
98.3% and sensitivity was 84.2% in that cohort. When applying
these criteria to patients with possible MSA-P, 76.5% of them
would have been correctly diagnosed as probable MSA-P 15.9
± 7.0 months earlier than with the consensus criteria alone
(14). Interestingly, with 5 of these 13, nearly half of the red
flag symptoms affected laryngopharyngeal functions including
bulbar abnormalities such as severe dysphonia, dysarthria or
dysphagia, and respiratory dysfunction including diurnal or
nocturnal inspiratory stridor. This underlines the importance
of assessing the laryngopharynx when suspecting MSA (15). It
becomes even more significant when the clinical presentation
does not yet allow for the diagnosis of MSA according to
the consensus criteria. Examination of the laryngopharynx

may reveal subclinical abnormalities associated with MSA
and thereby allow for an earlier diagnosis. Williams stated
already in 1979 that MSA patients “. . . should be examined
routinely for laryngeal dysfunction and the examination repeated
if suggestive symptoms develop. . . .” (15). To date however,
there is no standardized examination protocol for easy to
implement diagnostic procedures such as flexible endoscopic
laryngoscopy and examination of the swallowing (FEES) to
systematically assess laryngopharyngeal symptoms in patients
with suspected MSA.

This article gives an overview of the current literature
on laryngeal abnormalities in MSA (summary of publications
in Table 1) and pharyngeal symptoms in MSA and their
potential pathophysiological mechanisms. We present a pilot
study in 8 MSA patients and highlight the laryngopharyngeal
findings. Based on the current data and our preliminary
findings we suggest a simple structured diagnostic task-protocol
to be performed during FEES for detection of MSA-related
laryngopharyngeal symptoms. We furthermore suggest that
irregular arytenoid cartilage movements (ACM) are specific for
MSA and can serve as a clinical biomarker for the disease that
may allow for differentiation of MSA from PD.

LARYNGEAL FINDINGS IN MSA

Inspiratory Stridor
Typically in the advanced disease stages, inspiratory stridor
becomes evident (16, 17) but may manifest at any stage of the
disease (18–20), with few reports of stridor being the initial
(21, 22) or even the sole symptom of MSA (23, 24). Inspiratory
stridor is found in up to one third of MSA patients (17–
19), is therefore considered a red flag (14) and consequently
was included in the updated consensus diagnostic criteria as a
supportive feature (11). It can manifest as a diurnal or nocturnal
symptom (14), and its occurrence is associated with reduced
life expectancy (25). Furthermore, inspiratory stridor might be
a predictor for sudden nocturnal death (10, 26). However, the
exact underlying mechanism of sudden nocturnal death in MSA
remains unresolved and considered of multifactorial origin (27).

Paradoxical Vocal Fold Motion
Aragane (28) first described paradoxical vocal fold motion
(PVFM) during respiration in MSA patients, with adduction
during inspiration and abduction during expiration (Figure 1).
Isono and colleagues presented tonic thyroarytenoidmuscle (TA)
activation during inspiration in MSA patients (29). The TA
muscle ceases activity under physiological conditions since it
serves as a vocal fold adductor. Umeno described one MSA
patient with normal vocal fold motion and normal EMG activity
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FIGURE 1 | Vocal fold motion during breathing with inspiration (A) and expiration (B) in a healthy control subject (1) and MSA patient (2). The MSA patient exhibited

paradoxical vocal fold motion with inspiratory stridor.

of laryngeal muscles in the wake state but paradoxical vocal fold
motion during sleep with inspiratory vocal fold adduction and
abduction during expiration, resulting in nocturnal stridor (30).
Shiba initiated several studies presenting activation of laryngeal
adductor muscles during inspiration (31–33).

Vocal Fold Motion Impairment
A retrospective review of 38 MSA patients that underwent
otolaryngologic examination revealed a bilateral vocal fold
motion impairment (VFMI) in 32 patients and a unilateral
VFMI in 6 patients (34). Higo and colleagues (35) performed
laryngoscopy on 38 MSA patients to assess laryngeal function
and found VFMI in 17 patients (Figure 2). Fourteen of these had
moderate to severe bilateral vocal fold abductor restriction, two
showed unilateral vocal fold fixation, one patient a bilateral vocal
fold fixation in the paramedian position.

Irregular Arytenoid Cartilage Movement
Ward was the first to describe irregular and involuntary
adduction/abduction movements of the vocal folds in two
MSA patients that underwent laryngoscopy and described
“. . . quivering tonicity, pseudomyoclonic motions of the
aryepiglottic folds with irregular involuntary adduction or
abduction of the cords. . . ” and “. . . fine quivering, tremorous
motions of both arytenoids and aryepiglottic folds. . . .” (36).
Simpson and colleagues described “. . . flickering movements of
the vocal folds. . . ” in 3 of 6 MSA patients during laryngoscopy
(37). Shimohata and colleagues observed bilateral tremulous
movements of the arytenoid cartilages in 6 of 21 MSA patients
during fiberoptic laryngoscopy at rest (27). Ozawa and colleagues
performed fiberendoscopic laryngoscopy on 28 MSA patients
and 14 healthy controls. In 18 (64.3%) MSA patients irregular

tremulous movement of the arytenoid cartilages was detected,
none in the healthy control group (38).

Pathophysiological Insights Into Laryngeal

Findings in MSA
Initial reports supported the hypothesis that inspiratory stridor
is the clinical manifestation of vocal fold abductor paralysis
(15, 39–45) in addition to the Bernoulli effect, when a sudden
drop of air pressure narrows the glottic gap resulting in the
characteristic acoustic phenomenon (31), similar to infantile
laryngomalacia (46).

Early laryngeal EMG studies using surface electrodes
supported the findings of primary denervation of the laryngeal
abductor muscle. Williams observed a bilateral abduction
paralysis in 8 of 12 MSA patients (15). Banister described
marked atrophy of the posterior cricoarytenoid muscle (PCA)
on histology in three MSA patients with significant inspiratory
stridor requiring tracheostomy (43). Surface EMG recording of
laryngeal muscles in five MSA patients revealed evidence for
denervation of the PCA (42). Furthermore, Deguchi described
two patients with reduced laryngeal abduction and attributed the
finding to potential peripheral palsy of the laryngeal nerve (44).
These findings were supported by one autopsy study that found
loss of large myelinated fibers of the laryngeal nerve in MSA
patients with abductor palsy (45). The only other autopsy study
focusing on the recurrent laryngeal nerve did however not find
gross abnormalities or focal changes of the recurrent laryngeal
nerve (43). But why is there, next to the selective weakness of
the laryngeal abductor muscle, an overactivation of adductor
muscles as seen in PVFM?
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FIGURE 2 | Vocal fold motion during laryngeal tasks in a healthy control subject and a MSA patient: 1 healthy control, 2 MSA patient, (1A) phonation “eeee,”

(1B) sniff. The MSA patient exhibits VFMI with insufficient vocal fold adduction and activation of the vestibular folds (arrow) during phonation (2A) and incomplete VF

abduction during sniffing maneuver (2B).

An airway reflex was recently discovered that activates the
adductor muscles during inspiration when inspiratory effort
against a narrowed glottic gap increases (33, 47). This was
shown in a study on five non-MSA-patients, four of which
suffered from traumatic glottic narrowing, one from a laryngeal
nerve palsy post thyroidectomy. All patients exhibited inspiratory
stridor, and tonic activation of the adductor muscles was
recorded during inspiration. Two patients therefore received
a tracheostomy. Interestingly, when breathing through the
open tracheostoma, the tonic activity of the adductor muscles
during inspiration ceased but reoccurred when the tracheostoma
was closed and air flow had to pass through the narrow
glottic gap again (33). Similar findings were shown in one
MSA patient (32). Hence, bypassing the glottic gap via
tracheostomy abolishes the paradoxical activation of laryngeal
adductor muscles during inspiration. In addition, several authors
showed that in MSA patients exhibiting inspiratory nocturnal
stridor, CPAP could abolish the tonic laryngeal adductor
activation (29, 48–50). This effect might be explained by
reducing the intratracheal negative pressure, thereby reducing
the transglottic pressure gradient through the glottic stenosis
during inspiration and the likelihood of the airway reflex to be
triggered (31).

The theory of a pure peripheral nerve palsy resulting
in reduced vocal fold motion is opposed by findings of
simultaneous co-activation of laryngeal abductor and
adductor muscles during inspiration (51, 52). The posterior
cricoarytenoid (PCA) muscle, the only laryngeal abductor, is by
far outnumbered by the laryngeal adductors. This dysbalance
and the lack of the physiological agonistic/antagonistic play
contributes to the restriction of vocal fold motion in MSA

(29, 39). It is likely that co-activation of laryngeal abductor
and adductor muscles results in a vocal fold abduction
restriction and reduced vocal fold motion on one hand
and irregular arytenoid cartilages movements (ACM) on
the other.

Treatment Options for Laryngeal Findings

in MSA
CPAP
Several studies could show the efficacy of CPAP in abolishing
laryngeal stridor in MSA patients (29, 49, 50, 53). Since CPAP
is a non-invasive treatment, it should be first choice when
approaching laryngeal inspiratory stridor in MSA patients.
Iranzo found inspiratory pressure levels of 5–10 mbar to suffice.
However, he also mentioned that only few MSA patients profit
from CPAP ventilation longer than 20 weeks (49). When CPAP
fails to reduce laryngeal inspiratory stridor, biPAP should be
considered (48).

Botulinum Toxin Injection
A minimal-invasive option to treat laryngeal inspiratory
stridor in MSA is botulinum toxin injection into the
adductor muscle complex (TA/LCA complex). Merlo
showed improvement of laryngeal stridor and of vocal
fold abduction in 3 of 4 MSA patients (52). Botulinum
toxin injection should however be restricted to patients
without dysphagia.

Tracheostomy
When non-invasive measures to treat laryngeal inspiratory
stridor are not able to abolish the symptom, tracheostomy
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should be considered (15, 25). Tracheostomy is furthermore
recommended when, in addition to stridor, vocal fold
motion is significantly restricted and the vocal folds fixed
in a paramedian position (49). In contrast, tracheostomy
could potentiate dysphagia, with aspiration necessitating
the use of a cuffed cannula, resulting in cessation of
speech. The additional requirement of PEG-tube feeding
might significantly lower the quality of life in MSA
patients (31).

Surgery
With vocal fold laterofixation, arytenoidectomy, and partial
cordectomy, three surgical options to enlarge the glottic gap
are at hand. Kenyon and Umeno reported MSA patients
whose nocturnal stridor improved after laterofixation of the
vocal fold (30, 54). The authors emphasized however that this
method should be evaluated carefully because of the significantly
increased risk of aspiration due to potential worsening of the
swallowing function. In addition, the intervention itself poses
risks with unexpected postoperative respiratory failure, such
as laryngeal edema after cordectomy and slipping of ligature
after laterofixation of the vocal fold (31). This intervention
is usually performed in patients with denervation palsy of
the vocal fold. In MSA patients however, it must be taken
into account that the adductor muscles are still activated and
exhibit force on the suture providing the laterofixation (31).
SomeMSA patients underwent arytenoidectomy with conflicting
outcomes (30, 55).

Laryngeal Findings in Related Movement

Disorders
Parkinson’s Disease
Vocal fold bowing is a typical cinelaryngoscopy finding in
80–93% of PD patients, which can also be identified with
stroboscopic laryngoscopy (56–58). Furthermore, vocal tremor
can be clinically present in about 50% of PD patients and
is caused by vertical laryngeal tremor during phonatory tasks
(56, 57). One case study presenting rare laryngeal findings
report seven patients identified over 14 years with non-paralytic
vocal fold abductor paralysis exhibiting PVFM with diurnal and
nocturnal inspiratory stridor (59).

Spinocerebellar Ataxia
Spinocerebellar ataxia (SCA) can present with cerebellar,
pyramidal, extrapyramidal and autonomic symptoms similar
MSA. One study compared laryngeal findings in MSA, SCA1,
and SCA3 patients and found vocal fold paralysis to be less
prevalent in SCA1 and SCA3 in comparison to MSA (in
29% in SCA1 and 16% in SCA3 in contrast to 82% in
MSA) (39). Furthermore, SCA patients did not present with
sleep-related exacerbation of VFMI, and neurogenic atrophy
occurred in all intrinsic laryngeal muscles, not solely the
laryngeal abductor. In addition, none of the patients exhibited
irregular ACM.

PHARYNGEAL FINDINGS IN MSA

Dysphagia in MSA
Although dysphagia is a common symptom of MSA and
seems to be closely related to the disease prognosis (60), only
a limited number of studies have investigated the specific
characteristics of dysphagia in MSA patients in detail. It
should be taken into account that most of these studies were
performed in Japan, a noteworthy fact when considering the
higher prevalence of MSA-C in comparison to MSA-P (2).
Similar to laryngeal abnormalities, swallowing is often impaired
early in the disease (61, 62). There are varying reports about
time of onset of dysphagia during the course of MSA. Isono
and colleagues reported dysphagia in MSA-C patients to begin
4.6 ± 3.5 years after disease onset (61). Petrovic in contrast
described a much later onset of dysphagia in MSA-P patients
at 9.0 ± 3.7 years (63). A recent study in 59 Korean MSA
patients showed a much earlier dysphagia onset in both MSA
sub-types (MSA-P: 2.94 ± 1.43 years, MSA-C: 3.05 ±1.24
years) (64).

Since the act of swallowing consists of four phases (65), one
might raise the question whether a certain phase is typically
impaired in MSA. Taniguchi investigated 13 MSA-C and 3
MSA-P patients. All patients showed an impaired esophageal
phase presenting with intraesophageal food stagnation, which
potentially entails aspiration leading to pneumonia or even
bolus regurgitation with bolus aspiration (66). Higo performed
videofluoroscopy on 22 MSA-C and 7 MSA-P patients assessing
the swallowing performance (67). The evaluation revealed a
disturbed oral phase with delayed bolus transport in 73%,
reduced tongue base movement in 55% and impaired oral bolus
control in 49% of patients. Abnormalities in the pharyngeal
phase however were detected in only 20% of the patients.
25% of these patients had a history of aspiration pneumonia.
Interestingly, disease severity rather than age or disease duration
were identified as risk factors for aspiration pneumonia (67).
These results are in line with the findings by Isono who showed
that pharyngeal dysphagia severity did not correlate with disease
duration (61). An analysis of videofluoroscopic examinations in
59 MSA patients showed pharyngeal symptoms to be more often
disturbed than oral symptoms. 89.8% of the patients presented
with vallecular residue. Penetration or aspiration occurred in
67.8%, delayed pharyngeal swallow was observed in 57.6%.
In addition, pharyngeal apraxia and vallecular residue were
observed more frequently in the MSA-P sub-type and were
more severe in comparison to MSA-C patients. Frequency of
oral phase symptoms did not differ between MSA sub-types,
with inadequate mastication in 32% and premature spillage
in 23.7%.

Treatment of Dysphagia in MSA
To date there are no treatment guidelines for MSA-related
dysphagia. Furthermore, there are very few clinical studies
addressing treatment strategies of dysphagia in MSA.

Firstly, levodopa response of dysphagia should be evaluated,
despite the fact that levodopa responsiveness onmotor symptoms
is usually considered poor inMSA. However, up to 31.2% ofMSA
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TABLE 1 | Overview and frequency of typical laryngeal findings in MSA.

Symptom Frequency

n/total (%)

References

Stridor 34/100 (34%)

MSA-P: 30/82 (37%)

MSA-C: 4/18 (22%)

(18)

36/104 (34.6%) (17)

PVFM 1/1 (100%) (30)

9/10 (90%) (29)

1/1 (100%) (32)

VFMI 38/38 (100%)

Bilateral: 32/38 (84,2%)

Unilateral: 6/38 (15.8%)

(34)

17/36 (47.2%) (35)

Irregular ACM 3/6 (50%) (37)

6/21 (28.6%) (27)

18/28 (64.3%) (38)

PVFM, paradoxical vocal fold motion; VFMI, vocal fold motion impairment; ACM, arytenoid

cartilage movement.

patients show a beneficial levodopa response of symptoms for
a mean duration of 3.5 years (3) and might even exhibit motor
fluctuations (68–70). Since adjusting dopaminergic therapy is
the least invasive treatment option, a structured FEES-levodopa
test should be performed to evaluate swallowing in the ON-
and OFF-state (71, 72). When levodopa responsiveness has
been ruled out, treatment of mild or moderate dysphagia
should encompass postural maneuvers to facilitate swallowing,
such as the chin tuck maneuver (71). Moreover, behavioral
changes with slowing of eating, reduction of meal volumes or
changing food consistencies should be considered (73). When
intraesophageal bolus transport is disturbed and overactivation
of the distal esophagus sphincter suspected, botulinum toxin
injection into the distal esophagus has proven to alleviate
dysphagia severity in PD patients (74). With the results of
Taniguchi who reported intraesophageal food stagnation (66),
botulinum toxin injection could be considered. When severe
dysphagia with repetitive aspiration and aspiration pneumonia
is present, avoidance of the oral route with a PEG-tube should be
discussed with the patient to guarantee adequate nutrition and
hydration (75).

PILOT STUDY

Standardized Task Protocol for

Pharyngolaryngeal Abnormalities in MSA
To date, no structured protocol has been suggested to
evaluate MSA specific findings in the laryngopharynx
(35). Especially in diseases that pose diagnostic challenges,
structured examination procedures are necessary (71).
We developed a simple FEES-MSA-protocol that allows
for assessing laryngeal functions and oropharyngeal
performance (Table 2).

Methods
This study was approved by the local Ethics Committee of the
Brandenburg Medical Board (S21(a)/2017) and is conducted in
accordance with the Declaration of Helsinki (76). After written
informed consent was obtained, eight consecutive patients with
possible or probable MSA according to the Gilman criteria (11)
underwent examination. Speech characteristics were assessed
by auditive analysis. All patients underwent flexible endoscopic
evaluation of the swallowing (FEES). FEES equipment consisted
of a 3.9-mm-diameter flexible fiberoptic rhinolaryngoscope
(Olympus ENF-VH), a video processor (Olympus CV-170), and
processing software (rpSzene 10 on Panel-PC-226/227) or a
2.9 mm-diameter flexible fiberoptic rhinolaryngoscope (Storz
CMOS) with a portable video processor (Storz CMAC) linked to
a 19′′ flat screen monitor (Storz 9519NB). FEES was performed
as previously described (72).

Specific FEES-MSA-Protocol
To assess MSA specific impairment of the laryngopharynx,
patients underwent the FEES-MSA-protocol allowing for a
standardized endoscopic evaluation of the pharyngolaryngeal
and swallowing function. The protocol is divided into an
examination of the laryngeal function at rest and in action,
followed by an evaluation of the swallowing.

Evaluation of the Larynx at Rest
After insertion of the rhinolaryngoscope, the tip of the
endoscope is placed into the mid pharyngeal cavity to allow
for full inspection of laryngeal structures. Firstly, the larynx
is examined at rest during normal breathing for at least
2min. Mobility of the vocal folds and arytenoid cartilages in
relation to the breathing cycle is recorded. Notion is taken
of any uni- or bilateral abnormal desynchronized movement.
Vocal fold motion impairment (VFMI) is noted either in the
inspiratory, expiratory or both phases. The position of the vocal
folds and degree of maximum opening (median, paramedian,
intermediate, prelateral, lateral position) is recorded. Paradoxical
vocal fold motion (PVFM) with e.g., vocal fold adduction during
inspiration, and irregular ACM at any time of the examination
are recorded. Vocal fold fixation and its configuration is captured.

Evaluation of the Larynx in Action
To examine the degree of glottic opening, the patient is asked to
repeatedly 1) inhale deeply and 2) sniff thereby performing vocal
fold abduction tasks. To evaluate glottic closure, the patient is
asked to phonate a prolonged “eee”, thereby performing a vocal
fold adduction task. To examine the maximum amplitude of the
vocal fold motion, the patient is then asked to perform these
two tasks alternately. Furthermore, these tasks can initiate or
aggravate irregular ACM.

Next, the patient is asked to perform a postural action of the
vocal folds by imagining vocalizing an “eeee”. In our experience
this postural task can initiate or aggravate irregular ACM.

Evaluation of the Swallowing
The third part comprises a supplemented standardized
FEES protocol performing one dry swallow, 11 consecutive
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TABLE 2 | Tasks of the FEES-MSA-protocol, assessed functions, and possible findings.

Task Physiological function Possible findings

Laryngeal tasks Normal breathing Inspiration:

mild VF abduction

Expiration:

VF relaxation with

Mild VF adduction

VFMI

Uni- or bilaterally reduced VF movement during inspiration and/or expiration

with maximal amplitude to median, paramedian or intermediate position

VF fixation

Uni- or bilateral lack of respiration-linked VF motion

with fixed position in median, paramedian, intermediate, prelateral or lateral

PVFM

Inspiratory VF adduction with glottic narrowing

Irregular ACM

Uni- or bilateral irregular movements of the arytenoid cartilages

Fast and deep inhale VF abduction VFMI

PVFM

Irregular ACM pre and post maneuver

Sniff through nose VF abduction VFMI

PVFM

Irregular ACM pre and post maneuver

Phonation of “eee” VF adduction VFMI

irregular ACM pre and post maneuver

Imagined non-voiced “eee”

(“Prepair youself or imagine to

say “eee” without really saying

it.”)

VF adduction Irregular ACM pre, during and post maneuver

sniff - “eee”- sniff – “eee” VF adduction/ abduction

and

VF diadochokinesis

VFMI

PVFM

Irregular ACM pre, during and post maneuver

Swallowing tasks Dry swallow Clearing of secretion Pharyngeal residue

Penetration/aspiration

Oral bolus control

(“Keep the water in your mouth

until I say to swallow.”)

Bolus control without

spillage

Premature spillage

Swallowing of

(1) Pudding

(2) Liquid

(3) Solid consistencies

(4) Placebo tablet

Swallowing function for

different consistencies

Piecemeal deglutition

Premature spillage

Pharyngeal residue

Penetration/aspiration

Therapeutic maneuver

e.g., Chin tuck maneuver

(“Swallow the bolus keeping your

neck upright and your

chin down.”)

Potential improvement of

impaired swallowing

Improvement of/unchanged swallowing function

VFMI, vocal fold motion impairment; VF, vocal fold; PVFM, paradoxical vocal fold motion; ACM arytenoid cartilage movement.

standardized test boli and aminimum of one swallow performing
an individual therapeutic maneuver. Consistencies are applied in
the following order: (1) three teaspoonful of green jelly (appr. 8
mls each), (2) one teaspoonful of blue-dyed liquid (appr. 5 mls)
to test for oral bolus control, (3) three teaspoonful of blue-dyed
liquid, (4) one sip of blue-dyed liquid from a glass, (5) three
pieces of bread with butter (about 1 inch square), (6) one swallow
of a placebo tablet ingested with either blue-dyed liquid or green
jelly. Depending on the individual findings, a specific therapeutic
swallow maneuver is performed at the end.

Swallowing function was evaluated as previously described
(Table 3) (71) with the addition of documentation of fragmented
swallows, i.e., piecemeal deglutition (more than one swallow
needed to clear bolus from the oral cavity). To score dysphagia
severity we applied the endoscopic severity of dysphagia scale,
utilized in Parkinson’s disease (Table 4) (72).

Results
Four female and 4maleMSA patients underwent the FEES-MSA-
protocol. Duration of performing the FEES-MSA-protocol varied
from 15-20 min.

Seven patients suffered from MSA-P, one patient from
MSA-C. Mean age was 59.9 ± 6.9 years, mean disease
duration 3.0 ± 1.2 years, mean Hoehn and Yahr stage 3.75
± 1.04 (Table 5). Patients exhibited a broad variety of speech
pathology. Four (50%) patients showed fluctuating pitch when
phonating, only one patient presented with high-pitched voice.
5/8 patients showed hypokinetic-rigid dysarthria of varying
severity. The patient presenting with MSA-C showed an
ataxic type of dysarthria. One patient exhibited a mixed type
of dysarthria (Table 5). Only two (25%) patients exhibited
diurnal inspiratory laryngeal stridor as a clinical sign of
laryngeal pathology.
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TABLE 3 | Scores of swallowing function parameters (71).

Score Premature spillage Pharyngeal residue Penetration/aspiration

0 Bolus behind tongue No residue No penetration/aspiration event

1 Bolus at the base of tongue or valleculae Coating, no pooling Penetration with protective reflex

2 Bolus moves to lateral channels or tip of epiglottis Mild pooling, fills less than half of the cavities Penetration without protective reflex

3 Bolus is in the piriform sinus or touches laryngeal rim Moderate pooling, fills the cavities Aspiration with protective reflex

4 Bolus falls into laryngeal vestibule Severe pooling, overflows the cavities Aspiration without protective reflex

TABLE 4 | Endoscopic severity of dysphagia scale (72).

Score Classification of dysphagia severity

0 No relevant dysphagia

1 Mild dysphagia (premature spillage and/or residues, but no

penetration/aspiration events)

2 Moderate dysphagia (penetration/aspiration events with one consistency)

3 Severe dysphagia (penetration/aspiration events with two or more

consistencies)

However, during flexible endoscopic evaluation of the
laryngeal and swallowing function, all patients showed
irregular ACM. In 6 (75%) patients, irregular ACM was
present at rest (Supplementary Video 1). The remaining
2 (25%) showed irregular ACM during provoking
maneuvers (sniff, deep inhale, phonation “eee” and
imagined non-voiced “eee”) (Supplementary Video 2).
In 2 (25%) patients with irregular ACM at rest, the
movements were enhanced during provoking maneuvers
(Supplementary Video 2). Furthermore, all patients exhibited
vocal fold abduction restriction (Figure 2). Three (37.5%)
patients showed a vocal fold fixation in the paramedian
position and one patient presented paradoxical vocal fold
motion (Figure 1).

When evaluating the swallowing, 5 (62.5%) patients presented
with piecemeal deglutition for all consistencies. Seven (87.5%)
patients showed premature spillage with 6 events for pudding,
5 for liquids and 2 for solids. All patients showed pharyngeal
phase dysfunction. Six patients showed pharyngeal residues
in the valleculae with four events for solids, 3 for pudding
and 1 for liquids. Five (62.5%) patients showed penetration/
aspiration events. The first of these patients presented with
penetration/aspiration score 1 for pudding and score 3 for
liquids, the second showed score 1 for pudding and liquids,
the third showed score 1 for all consistencies, the fourth
presented with score 3 for liquids and the fifth showed
score 2 for liquids. Characteristics of laryngeal findings and
swallowing function did not differ between the MSA sub-
types (Table 6).

DISCUSSION

The structured FEES-MSA-protocol was well tolerated by all
patients. With a duration of about 20min, the examination was
easy to implement into the diagnostic routine.

Patients presented with MSA typical speech characteristics
of varying severity (77). However, in our cohort, all MSA
patients exhibited laryngeal and pharyngeal abnormalities on
flexible endoscopic evaluation, regardless of the severity of
clinical speech pathology. More so, the severity of clinical speech
impairment did not correlate with the laryngeal abnormalities
detected while performing the FEES-MSA-protocol. Irregular
ACM at rest were present in 75% of patients. These findings
are in line with previous results from laryngoscopy studies that
found irregular ACM in 50–100% of cases (27, 36–38). Irregular
involuntary movements have been described in MSA patients to
occur predominantly in hands and fingers. Some authors stated
that these involuntary jerky movements are underrecognized
in MSA patients (78–80). Similar to these irregular jerky and
tremulous movements of the limbs, these movements might not
be present at rest but can be observed during postural action.
Salazar investigated 11 patients with MSA. Only one patient
showed Parkinsonian pill-rolling tremor of the hand at rest.
However, during postural maneuvers, irregular jerky movements
of the hands were present in 9 (82%) patients (80). With this
clinical observation in mind we designed a “postural” task for
the larynx and could show that in those two patients without
irregular ACM at rest, ACM could be provoked during this
“postural” maneuver.

In addition, all patients showed vocal fold abduction
restriction. Despite this laryngoscopic finding, only two patients
demonstrated diurnal inspiratory stridor on clinical examination.
This finding of vocal fold motion impairment resulting in a

narrow glottic gap is in line with previous results reported

by Lalich, who investigated 38 MSA patients and found 32 to
present with a bilateral VFMI, the remaining 6 with a unilateral
VFMI (34).

Since the prevalence of irregular ACM in our MSA cohort
was 100% we do believe that ACM might serve as clinical
biomarker for MSA, potentially allowing for differentiating MSA
from other disorders. This finding is even more relevant when
bearing the young mean age and short disease duration of our
cohort in mind. Irregular ACM was found as early as 1 year
after disease onset and was present in both MSA-P and MSA-
C subtypes. In contrast to PVFM or inspiratory stridor (59),
irregular ACM have not been described in other movement
disorders. There are numerous publications on tremor affecting
the larynx [for review see: (81–83)]. However, these tremor
forms show rhythmic and regular movements of laryngeal
structures as opposed to the findings we observed in this
pilot study.
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TABLE 5 | Patients’ demographic data and speech characteristics.

Patients’ characteristics Speech characteristics

# Age, sex Disease duration in years MSA sub-type Hoehn-Yahr stage Hypophonia Pitch Diurnal

stridor

Dysarthria

1 51, f 4 MSA-P 4 + Fluctuating − Severe

Hypokinetic-rigid

2 61, f 4 MSA-P 2 + Fluctuating + Normal

3 58, f 3 MSA-P 5 + Normal − Severe

Mixed

4 63, f 2 MSA-P 5 + Fluctuating − Moderate

Hypokinetic-rigid

5 54, m 4 MSA-P 4 + Fluctuating + Moderate

Hypokinetic-rigid

6 57, m 1 MSA-C 3 + High − Severe

Ataxic

7 74, m 2 MSA-P 4 + Normal − Moderate

hypokinetic-rigid

8 61, m 4 MSA-P 3 + Normal − Severe

Hypokinetic-rigid

TABLE 6 | Endoscopic pharyngolaryngeal findings performing the MSA-FEES-protocol in 8 MSA patients.

Flexible endoscopic evaluation of the larynx Flexible endoscopic evaluation

of swallowing (FEES)

# VF abduction

restriction

VF fixation PVFM Irregular

ACM

Irregular ACM

provoked

Premature

spillage

score

Pharyngeal

residue

score

Penetration/

aspiration score

Dysphagia

severity score

1 + – + + – 3 0 0 1

2 + – – – + 3 2 1 2

3 + – – + – 4 2 3 2

4 + – – + – 3 0 3 2

5 + + – – + 0 0 0 1

6 + + – + – 4 0 1 2

7 + – – + + 2 2 2 3

8 + + – + + 2 2 0 1

VF, vocal fold; PVFM, paradoxical focal fold motion; ACM, arytenoid cartilage movements.

Dysphagia was present in all patients, regardless of
disease duration or MSA sub-type. These findings are
in line with previous results (61, 66, 67). Although
not useful as a specific biomarker, dysphagia however
remains a clinically relevant symptom associated with
survival in MSA patients (60, 63). Since dysphagia
is preclinically detectable by instrumental assessment
tools (67), an early diagnosis is vital for preventing
dysphagia-related complications.

We here present results from a pilot study. Despite the
small sample size and lack of a control group, we propose an
interesting hypothesis. We are currently conducting a trial in
a larger cohort of MSA patients and compare findings to PD
patients to further support the theory that irregular ACM might
serve as a clinical biomarker allowing for differentiating MSA
from PD.

CONCLUSION

Pharyngolaryngeal abnormalities have a high prevalence inMSA.
Our findings suggest that characteristic pathologic findings can
be revealed on flexible endoscopy before becoming evident
clinically when implementing the FEES-MSA-protocol. Irregular
arytenoid cartilages movement (ACM) at rest or with provoking
maneuvers might serve as a diagnostic clinical biomarker
and facilitate identification of MSA patients. Since FEES is
now widely established in many Neurology departments we
strongly suggest that all patients with suspected MSA should
undergo this procedure to look for disease specific findings
that support the diagnosis and enable adequate treatment as
early as possible (84). Utilizing a structured FEES-MSA-protocol
will help assessing relevant functions and identify MSA-specific
abnormalities such as irregular ACM, PVFM, VFMI, premature
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spillage, or pharyngeal residue. A prospective study is under way
to evaluate the diagnostic utility of this protocol.
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Department of Neurology, University Hospital Münster, Münster, Germany

Introduction: Although patients with Parkinson’s disease (PD) often suffer from

oropharyngeal dysphagia, knowledge about the underlying pathophysiological

mechanisms is limited. Substance P (SP) is a localization-independent neurotransmitter

of the entire nervous system. Reduced levels of SP were found in saliva of patients

with impaired cough reflex and in advanced stages of PD. The aim of the study was

to investigate SP in PD patients in order to gain further insights into the underlying

pathophysiology of PD-related dysphagia and to evaluate the potential of SP as a

biomarker for early dysphagia.

Methods: Flexible endoscopic evaluation of swallowing (FEES) was used to objectively

assess pharyngeal swallowing function. From a cohort of 105 consecutive PD patients

20 subjects were recruited: in 10 of them pharyngeal dysphagia was excluded by

FEES, the other 10 subjects showed signs of early pharyngeal dysphagia defined as

hypopharyngeal sensory deficit with mild to moderate vallecular residues after swallowing

solid consistencies. Analysis of the Substance P level in saliva of the 20 included PD

patients was performed in the clinical on state condition by ELISA-type immunoassay.

Significant differences were calculated by using the Mann-Whitney test.

Results: Twenty PD patients with a mean age of 69.5 ± 12.5 years (8 female)

were included in the study. No significant differences were found regarding gender,

age, UPDRS III, Hoehn and Yahr stage, disease duration, and Levodopa equivalent

dose between the non-dysphagic and dysphagic subjects. Dysphagia was mainly

characterized by unrecognized residues in the valleculae without any aspiration risk for all

of the tested consistencies in FEES and was thereby scored as mild in all cases. Saliva

SP concentrations were significantly lower in PD patients with pharyngeal dysphagia

compared to those with a normal pharyngeal swallowing function (9,644 vs. 17,591

pg/mL; p = 0.001).

Conclusion: Reduced saliva SP concentrations may predict early pharyngeal

swallowing dysfunction in PD patients. This finding supports the hypothesis that an

impaired SP mediated neurotransmission has a significant impact for the development

of dysphagia in PD patients. Larger studies are needed to confirm SP as a clinical useful

biomarker for early detection of PD-related dysphagia.

Keywords: Parkinson’s disease, substance P, dysphagia, biomarker, neurodegeneration
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INTRODUCTION

Following Alzheimer’s disease, Parkinson’s disease (PD) is
the second most common neurodegenerative disorder (1, 2).
Oropharyngeal dysphagia is a clinically relevant symptom in
affected patients as the majority of PD patients will suffer
from neurogenic dysphagia during the course of their disease
(3–6). In addition to consecutive malnutrition, dehydration
and insufficient medication intake, neurogenic dysphagia leads
to loss of quality of life for affected patients and aspiration
pneumonia, which is the leading cause of death in Parkinson’s
patients (4, 7–9).

However, clinical diagnosis of dysphagia in PD remains
challenging. Particularly in early disease stages affected patients
are usually unaware of their swallowing dysfunction and
therefore do not report spontaneously about swallowing
problems (10, 11). Furthermore, pharyngeal swallowing
function cannot be assessed sufficiently by clinical
neurological examination resulting in a significant delay
of uncovering dysphagia in these patients (11–13). When
more elaborate instrumental tools for swallowing evaluation
like flexible endoscopic evaluation of swallowing (FEES) or
videofluoroscopic swallowing study (VFSS) are systematically
applied, dysphagia was found to be present in more than 50% of
subjectively asymptomatic PD patients (14). However, access to
FEES and VFSS is limited in many institutions.

Furthermore, the underlying pathophysiology of dysphagia in
PD and particularly the role of substance P (SP) is still barely
understood (15). SP is an ubiquitary neuropeptide in the nervous
system (16). It mediates the response to local stimuli in the
pharyngeal mucosa and thereby enhances the swallow and cough
reflex (17–19). In a cohort of elderly patients with aspiration
pneumonia, sputum levels of SP were found to be reduced (20).
Probably due to a reduced concentration of SP in the saliva
of patients in advanced stages of PD, protective reflexes with
consecutive silent aspiration were observed (21, 22). However,
it is so far unknown if substance P reduction is already present
in PD patients with early pharyngeal dysphagia not showing any
risk of aspiration.

The purpose of the present study was to investigate
Substance P as a potential biomarker for early detection of
pharyngeal dysphagia in PD and thereby gain further insights
into pathophysiology.

MATERIAL AND METHODS

Protocol Approval, Registration, and

Patient Consent
All patients were prospectively recruited from the movement
disorder unit at the Department of Neurology, University
Hospital Münster, Germany. Written informed consent was
obtained from each subject after the nature of the study was
explained in accordance to the principles of the declaration of
Helsinki. The local ethics committee of the medical faculty at
the University of Muenster approved the protocol of the study
(2014-624-f-S).

Participants
From a cohort of 105 consecutive PD patients, who did not
have subjective swallowing impairment and were evaluated
for dysphagia with FEES, as part of the baseline dysphagia
assessment in our clinic, 20 subjects were recruited between
January 2017 and March 2018. Participants had to be on stable
medication regimen and all examinations were done in the
clinical “ON” phase. Exclusion criteria for this study were
concomitant diseases that may cause neurogenic dysphagia,
autoimmune diseases, anti-inflammatory co-medication (e.g.,
cytotoxic agents, steroids, non-steroid analgesia), sedatives, or
evidence of an acute systemic inflammatory process at the time
of Substance Pmeasurement (elevated erythrocyte sedimentation
rate above 25 mm/h, C-reactive protein above 0.5 mg/dL,
or leukocytes above 11 × 103/µL). Patient characteristics are
described in detail in Table 1.

Dysphagia Assessment
In all participants, Dysphagia was examined with fiberoptic
endoscopic evaluation of swallowing in the on-state condition.
FEES was performed in accordance with the standard protocol
proposed by Langmore et al. as described in detail elsewhere (23).

Equipment consisted of a 3.1 mm-diameter flexible fiberoptic
rhinolaryngoscope (11101RP2, Karl Storz, Tuttlingen, Germany),
a light source and camera (rpCam-X, rpSzene R©, Rehder/Partner,
Hamburg, Germany), a color monitor (WMP-226, Wincomm,
Taiwan) and a video recorder (AUCC2WV3F, Computar, CBC
Group, Japan).

All PD patients were given nine test boluses in a standardized
order. First, they received 8ml of pudding (green jelly), second
5ml blue-dyed liquid and finally three trials of white bread
with the size of approximately 3 × 3 × 0.5 cm. During
all swallowing tasks, the following parameters of swallowing
function were assessed: premature spillage, material that enters
the hypopharynx unintentionally from the oral cavity before the
pharyngeal swallow was initiated, penetration-aspiration events
or residues. When residues in FEES were observed, patients were
asked explicitly if they perceived any foreign body sensation in
their throat.

Swallowing dysfunction was classified with a FEES-
based 4-grade dysphagia severity scale that has previously
been developed and published: 0 = no relevant dysphagia,
1 = mild dysphagia (premature spillage and/or residues, but
no penetration/aspiration events), 2 = moderate dysphagia
(penetration/aspiration events with one consistency), 3 = severe
dysphagia (penetration/aspiration events with two or more
consistencies) (24–26). Substance P was collected from patients
with either no signs of pharyngeal dysphagia (group 1), or
endoscopic signs of early pharyngeal dysphagia (group 2).
Dysphagia was defined as mild to moderate vallecular residues
being present after swallowing solid consistencies (27). Patients
showing an increased aspiration risk for any of the tested
consistencies were excluded.

Sample Collection and Analysis:
Between 09 and 11 a.m., about 2 h after the intake of their
regular dopaminergic medication, sputum was collected. Two
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TABLE 1 | Subject characteristics and clinical features.

All Dysphagia + Dysphagia – p-value

Number of patients (M/F) 20 (12/8) 10 (8/2) 10 (4/6) 0.068

Mean age (year) 69.5 ± 12.5 71.7 ± 11.8 67.2 ± 13.3 0.172

Disease duration (year) 8.35 ± 5.8 10.9 ± 6.5 5.8 ± 3.7 0.403

Hoehn and Yahr stagea 2.4 ± 0.8 2.8 ± 0.6 2.0 ± 0.7 0.698

UPDRS III, pointsa 16.5 ± 4.7 18.2 ± 4.8 14.8 ± 4.1 0.120

L-Dopa-Dose-Equivalent, mg 768.8 ± 276.4 849.2 ± 264.7 688.3 ± 277.1 0.199

Saliva quantity, microliters 792.9 ± 122.5 752.1 ± 108.1 833.8 ± 127.5 0.287

PPI intake (n) 7 4 3 0.180

UPDRS, Unified Parkinson Disease Rating Scale.
aAt clinical “On”-stage.

FIGURE 1 | Levels of Substance P in saliva of dysphagic and not dysphagic PD patients.

salivettes were placed into the patient’s oral cavity for 1–3min.
Directly after collecting the saliva, the salivettes were centrifuged
at 4,110 g for 5min. Supernatants were stored in a deep freezer at
−20◦C until further analysis. Substance P levels were assessed by
a commercially available competitive ELISA-type immunoassay
according to the manufacturer’s instructions (SP Immnunoassay,
catalog no. KGE007; R&D Systems, Minneapolis, MN, USA).

Statistics
Statistical analysis was performed using SPSS Version 25.0. All
data are reported as mean ± standard deviation, and the pre-
chosen significance level for all confirmatory tests was p < 0.05.
Substance P-Level was analyzed by using theMann-Whitney test,
presuming a non-Gaussian distribution.

RESULTS

FEES was successfully performed in all 20 subjects (12 male,
8 female, mean age 68.6 ± 12.5 years), presenting with either
no (n = 10) or early pharyngeal dysphagia (n = 10). No
adverse events occurred during the FEES examinations. Table 1

summarizes patient’s characteristics and clinical features of
included patients. Gender and age were equally distributed
in both study groups. In addition, no statistically significant
differences were found regarding disease duration, L-Dopa
equivalent doses, UPDRS III, and Hoehn & Yahr stages. PPI-
intake was equally distributed between both groups.

Unnoticed pharyngeal residues were present in 10 patients
(Group 2). They were located in the vallecular space in all subjects
and, to a lesser extent in the pyriform sinuses (30%). Premature
spillage and penetration/aspiration events were not observed for
any consistency, i.e., liquid, semisolids, solids.

Figure 1 shows the concentration of SP in sputum among the
2 groups. Sputum SP concentrations were significantly lower in
patients with dysphagia compared to those in control subjects
(9,644 vs. 17,591 pg/mL; p= 0.001; see Figure 1).

DISCUSSION

This prospective study analyzed the saliva concentrations of SP
in PD patients with early pharyngeal dysphagia compared to
PD patients without any pharyngeal swallowing impairment.
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The study’s main finding is that early pharyngeal dysphagia in
PD patients is associated with reduced levels of Substance P in
patient’s saliva.

PD-related dysphagia affects the oral, pharyngeal and the
esophageal phase of swallowing and occurs in all stages of the
disease (11, 28). Former studies have demonstrated a selective
loss of vagal SP neurons in PD, potentially contributing to the
emergence of esophageal motility disorders (29). In our study,
also in patients with early pharyngeal dysphagia, as indicated
by unnoticed significant pharyngeal residues, was associated
with reduced SP concentrations. This finding broadens the
results of a previous study, where significantly reduced levels
of Substance P were found in PD patients with an impaired
cough reflex sensitivity in a much more advanced stage of PD-
related dysphagia. In early disease stages with by trend slightly
lower Substance P levels cough sensitivity was not found to be
impaired in this study (21). SP-immunoreactive fibers have been
detected in the epithelium and basal membrane of pharyngeal
mucosa, especially on the surface of the epiglottis (30). In this
context, our findings could be another indication, that in early
stages, loss of SP containing neurons in the pharyngeal mucosa
may lead to pharyngeal hyposensitivity and merely incipient
pharyngeal dysphagia.

Current diagnostic workup of suspected PD related dysphagia
usually consists of questionnaires, swallowing assessment by
speech language therapists and, in unclear cases, by using
instrumental tools such as FEES or videofluoroscopic swallowing
study (VFSS). Still, reliable screening methods are lacking
(3, 27). FEES and VFSS are both considered to be the
gold standard, but availability of instrumental assessment,
especially in the outpatient setting, is often limited. In this
context, the measurement of SP in saliva may have the
potential to serve as a biomarker for the presence of clinically
unrecognized pharyngeal dysphagia in early disease stages and
thereby lead to earlier comprehensive dysphagia diagnosis
and treatment.

Our study has several limitations that need to be addressed.
First of all, PD patients were only assessed in one specific stage
of their disease. Therefore, the results cannot be generalized over
the entire PD population. For a possible use of substance P as
a biomarker, in particular the establishment of reference values

is necessary, which do not exist today. Furthermore, no follow-
up of included patients was performed and, keeping in mind the
basic experimental approach in the here presented pilot study,
the sample size was rather low and no healthy controls were
investigated. Any concomitant medication not excluded might
have interfered with SP concentration. Impairment of motor
function might as well have contributed to the emergence of
dysphagia in our cohort. Furthermore, PD-related dysphagia
is a complex symptom probably resulting from several central
and peripheral mechanisms and thereby not being linked to
one neurotransmitter system alone, and the exact localization of
neurodegeneration, that leads to reduced SP release, cannot be
identified in the clinical setting here (31).

In conclusion, this study showed for the first time, that
reduced levels of SP occur in PD patients with signs of early
pharyngeal dysphagia. Future studies should confirm this finding
in larger cohorts. Moreover, agents like capsaicin, known to
stimulate SP-release, should be investigated to assess their
therapeutic potential by targeting the afferent sensory system
within the swallowing network (32).
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Laminin-211 deficiency leads to the most common form of congenital muscular

dystrophy in childhood, MDC1A. The clinical picture is characterized by severe muscle

weakness, brain abnormalities and delayed motor milestones defining MDC1A as one

of the most severe forms of congenital muscular diseases. Although the molecular

genetic basis of this neurological disease is well-known and molecular studies of mouse

muscle and human cultured muscle cells allowed first insights into the underlying

pathophysiology, the definition of marker proteins in human vulnerable tissue such as

skeletal muscle is still lacking. To systematically address this need, we analyzed the

proteomic signature of laminin-211-deficient vastus muscle derived from four patients

and identified 86 proteins (35 were increased and 51 decreased) as skeletal muscle

markers and verified paradigmatic findings in a total of two further MDC1A muscle

biopsies. Functions of proteins suggests fibrosis but also hints at altered synaptic

transmission and accords with central nervous system alterations as part of the

clinical spectrum of MDC1A. In addition, a profound mitochondrial vulnerability of

the laminin-211-deficient muscle is indicated and also altered abundances of other

proteins support the concept that metabolic alterations could be novel mechanisms

that underline MDC1A and might constitute therapeutic targets. Intersection of our

data with the proteomic signature of murine laminin-211-deficient gastrocnemius and

diaphragm allowed the definition of nine common vulnerable proteins representing

potential tissue markers.

Keywords: laminin-211, laminin-α2, congenital muscular dystrophy, agrin, NudC domain-containing protein 2,

muscle proteomics

INTRODUCTION

Congenital muscular dystrophies (CMD) comprise a heterogenous group of genetically caused
neuromuscular diseases with muscle weakness apparent at birth or in the first 6 months of life.
Most of the different subtypes are of autosomal recessive inheritance (1). Laminin-211 (formerly
merosin) -deficient CMD type 1A (MDC1A) is caused by recessive mutations in the LAMA2
gene (encoding for the α2 subunit of laminin-211) and constitutes approximately 10–30% of
total CMD cases in the European population. Laminin-211 is expressed in the brain vasculature,
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the skeletal muscle basal lamina as well as in the myotendinous
and neuromuscular junctions (2). White matter T2 signal
hyperintensity as reflection of increased interstitial water
content occurs in almost all patients after 6 months of age
(3, 4). MDC1A-patients suffer from muscular weakness
associated with elevated serum creatine kinase (CK) levels,
poor suck and cry, multiple joint contractures and delayed
motor development. Most of the MDC1A-patients never
achieve independent ambulation (5–7). Extramuscular
manifestations include seizures in 30% of patients, demyelinating
neuropathy and CNS abnormalities such as polymicrogyria and
cortical bandlike heterotopia. Mental retardation rarely
occurs (8). Whereas patients with a complete deficiency of
laminin-211 present with a severe clinical spectrum of the
disease, a partial deficiency of the protein leads to milder
phenotypes (6). In 2011, Gawlik and Durbeej speculated that
the pathogenicity of LAMA2 mutations, which disrupt the
assembly of the corresponding laminin-211 protein with other
basal lamina components, explains the full penetrance of the
phenotype (9).

Laminin is a cell-adhesion molecule localized to the basement
membrane of skeletal muscle. The biological functions of
laminins such as modulation of cytoskeleton and intracellular
signaling pathways are accomplished via the interaction with
transmembrane receptors which—in skeletal muscle—are
represented by dystroglycan and integrin α7β1 as the two
major receptors for laminin-211 (10, 11). In this context,
laminin has also been postulated to protect the muscle fibers
from damage under the constant stress of contractions (9).
Notably, while laminin-211 (composed of α2, β1, and γ1
chains) was first isolated from placenta and originally called
merosin (12), it is now well established that laminin-211 is
the main laminin isoform in skeletal muscle (12–14). In this
context, it is important to note that laminin-211 function
has been linked to muscle development and through the
formation of laminin networks also to cytoskeleton and
intracellular signaling pathways. Moreover, it is believed
that laminin-211 influences signal transmission events and
muscle innervation via modulation of NMJ-integrity and
function (9).

Although clinical features of LAMA2-patients, especially
regarding the manifestation in skeletal muscle are well described,
molecular signatures of muscle pathology defining protein
markers of the effect of loss of functional laminin-211 remain
elusive. Utilizing label free mass spectrometry-based protein
quantification, we here systematically address laminin-211-
deficiency-related protein changes to define tissue biomarkers
in skeletal muscle of MDC1A-patients from the severe disease
spectrum. This in turn can provide potential insights into
the underlying pathophysiology and thus represent valuable
outcome measures for therapeutic intervention concepts such
as the emerging gene therapy (15). Hence, data presented
in this article provides important molecular insights into
MDC1A-related pathophysiology due to alterations in protein
composition beyond the extra-cellular matrix, an important
aspect for the definition of further or alternative therapeutic
intervention concepts.

TABLE 1 | List of antibodies used for the immunofluorescence studies.

Primary antibody Company Number Dilution Secondary

antibody

GPI Abcam 66340 1:200 Mouse

anti-goat 488

Lama α5 Millipore MAB 1924 1:500 Mouse

anti-goat 488

Glypican-1 Abcam 55971 1:100 Donkey

anti-rabbit

488

Agrin Millipore MAB 5204 1:20 Mouse

anti-goat 488

Spectrin Leica SPEC 1-CE 1:100 Mouse

anti-goat 594

Lama α2C Millipore MAB1922 1:500 Mouse

anti-goat 488

Lama α2N Leica MEROSIN-CE 1:50 Mouse

anti-goat 488

Mouse anti goat IgG 488 Alexa A-11029 1:500

Mouse anti goat IgG 594 Alexa A-11032 1:500

Donkey anti rabbit IgG 594 Alexa A-2106 1:500

MATERIALS AND METHODS

The muscle biopsy specimen investigated in this study have
been initially collected for diagnostic purposes.Written informed
consent was obtained from the participants (or rather their legal
guardians) for the participation into the subsequent research as
well as for publication of the findings (including any potentially-
identifying information). Ethical approval was not required as
per the local legislation.

Immunofluorescence-Based Studies in
Muscle Biopsies
Five micrometer cryosections of muscle biopsy specimen were
generated, dried and afterwards re-hydrated in phosphate-
buffered saline (PBS) followed by exposure to primary antibodies
(Table 1) diluted in 1% bovine serum albumin (BSA). After
incubation of the sections in a wet-chamber for one hour at
25◦C (incubator), those were washed three times in PBS. Next,
the secondary antibodies (Alexa 488-conjugated) 1:500 diluted
in 1% BSA were added and sections were again incubated in a
wet-chamber for one hour at 25◦C. Prior sections were finally
covered inmountingmedium (Dako), three washing steps in PBS
were performed.

Immunoblot-Based Studies on Whole
Muscle Protein Extracts
Twenty micrograms of patient skeletal muscle protein lysates
were prepared using NuPAGE LDS sample buffer (Thermo) and
NuPAGE reducing agent, denatured at room temperature for
10 minutes and loaded into 4–12% gradient SDS-PAGE gels
(Thermo, NP0322). Proteins were separated and transferred to a
PVDF membrane using an iBlot2 dry transfer system (Thermo).
PVDF membranes were blocked using 5% milk in Tris buffer-
saline with 1% tween-20 (TBS-T) at room temperature for 1 hour
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before probing using monoclonal antibodies targeting NDUFB8,
SDHB, UQCRC2, COX2, and ATP5A (Abcam, ab110411) as
well as antibodies targeting GAPDH (Abcam, ab8245) and
VDAC1 (Abcam, ab14734). Membranes were washed in TBS-
T and probed again for 1 h with HRP-conjugated anti-Mouse
IgG (Abcam, ab97023) prior to chemiluminescent imaging.
Quantification was performed using ImageJ.

Proteomic Profiling in Human
Skeletal Muscle
Ammonium hydrogen carbonate (NH4HCO3), anhydrous
magnesium chloride (MgCl2), guanidine hydrochloride
(GuHCl), iodoacetamide (IAA), and urea were purchased from
Sigma-Aldrich, Steinheim, Germany. Tris base was obtained
from Applichem Biochemica, Darmstadt, Germany and Sodium
dodecyl sulfate (SDS) was purchased from Carl Roth, Karlsruhe,
Germany. Dithiothreitol (DTT), EDTA-free protease inhibitor
(Complete Mini) tablets were obtained from Roche Diagnostics,
Mannheim, Germany. Sodium chloride (NaCl) and calcium
chloride (CaCl2) were from Merck, Darmstadt. Sequencing
grade modified trypsin was from Promega, Madison, WI
USA. Benzonase R© Nuclease was purchased from Novagen.
Bicinchoninic acid assay (BCA) kit was acquired from Thermo
Fisher Scientific, Dreieich, Germany. All chemicals for ultra-pure
HPLC solvents such as formic acid (FA), trifluoroacetic acid
(TFA) and acetonitrile (ACN) were obtained from Biosolve,
Valkenswaard, The Netherlands.

Cell Lysis, Sample Preparation and Trypsin Digestion
In total eight samples derived from four healthy controls (gender-
and age-matched) and four MDC1A-patients were processes
independently. All muscle samples were collected from the mid
portion of vastus lateralis. Approximately 10 slices of 10µm of
muscle were lysed in 50 µL of lysis buffer (50mM Tris-HCl
(pH 7.8) 150mM NaCl, 1% SDS, and Complete Mini) using a
manual glass grinder. Then samples were centrifuged for 5min
at 4◦C and 5.000 g. Protein concentration of the supernatant
was determined by BCA assay (according to the manufacturer’s
protocol). In order to reduce the cysteines 10mM of DTT were
added to the samples followed by incubation at 56◦C for 30min.
Next, the free thiol groups were alkylated with 30mM IAA at
room temperature (RT) in the dark for 30.

Sample digestion and cleanup were performed using filter-
aided sample preparation (FASP) as described previously (16, 17)
with some minor changes. Briefly, 100 µg of protein lysate was
diluted 10-fold with freshly prepared 8M urea/100mM Tris-
HCl (pH 8.5) buffer (18) and placed on a Microcon centrifugal
device (30 KDa cutoff). Afterwards, the filter was centrifuged
at 13,500 g at RT for 15min (all the following centrifugation
steps were performed under the same conditions). Three washing
steps were carried out with 100 µL of 8M urea/100mM Tris-
HCl (pH 8.5). For buffer exchange, the device was washed thrice
with 100 µL of 50mM NH4HCO3 (pH 7.8). Next, 100 µL of
the digestion buffer (trypsin (Promega), 1:25 w/w, protease to
substrate, (0.2M GuHCl and 2mM CaCl2 in 50mM NH4HCO3

pH 7.8), was added to the filter which contains the bound
proteins and the samples were incubated at 37◦C for 14 h.

Resulting tryptic peptides were recovered by centrifugation with
50 µL of 50mM NH4HCO3 followed by 50 µL of ultra-pure
water. In the final step, tryptic peptides were acidified by adding
5 µl of 10 % TFA (v/v). The digests were quality controlled as
described previously (19).

LC-MS/MS Analysis
Samples (technical duplicates) were measured using an Ultimate
3000 nano RSLC system coupled to an Orbitrap Fusion Lumos
mass spectrometer (both Thermo Scientific) and analyzed in a
randomized order tominimize systematic errors. Firstly, peptides
were preconcentrated on a 100µm× 2 cm C18 trapping column
for 10min using 0.1 % TFA (v/v) at a flow rate of 20 µL/min.
Next the separation of the peptides was performed on a 75µm×

50 cm C18 main column (both Pepmap, Thermo Scientific) with
a 120min LC gradient ranging from 3 to 35 % of 84 % ACN,
0.1 % FA (v/v) at a flow rate of 230 nL/min. MS1 spectra was
acquired in the Orbitrap from 300 to 1,500 m/z at a resolution of
120,000 using the polysiloxane ion atm/z 445.12003 as lock mass
(20),with maximum injection times of 50ms. Next, top 10 most
intense signals were selected for fragmentation by HCD with a
collision energy of 30%. MS2 spectra were acquired in the ion
trap at a resolution of 120,000, with maximum injection times
of 300ms and a dynamic exclusion of 15 s. The ACG target was
set at 2.0× 103 ions for MS2 and 2.0× 105 for MS2.

Label Free Data Analysis
Data analysis of the acquired label free quantitative MS data
was performed using the Progenesis LC-MS software from Non-
linear Dynamics (Newcastle upon Tyne, U.K.). Alignment of
MS raw data was conducted by Progenesis, which automatically
selected one of the LC-MS files as reference. Next, peak picking
was performed and only features within retention time and
m/z windows from 0 to 120min and 300–1,500 m/z, with
charge states +2, +3, and +4 were considered for peptide
statistics, analysis of variance (ANOVA). The MS/MS spectra
were exported as peak lists which were searched against a
concatenated target/decoy version of themouseUniprot database
(Homo sapiens with 20273 entries, downloaded 22.07.2017)
using Mascot 2.4 (Matrix Science), MS-GF+, and X!Tandem
Jackhammer (2013.06.15) with the help of searchGUI 1.14.4
(21). Trypsin with a maximum of two missed cleavages was
selected as enzyme. Carbamidomethylation of Cys was set as
fixed and oxidation of Met was selected as variable modification.
MS and MS/MS tolerances were set to 10 ppm and 0.5 Da,
respectively. Combined search results were filtered at a false
discovery rate (FDR) of 1 % on the protein level and exported
using PeptideShaker 0.28.0 (http://code.google.com/p/peptide-
shaker/). Data was reimported into Progenesis and peptide
sequences containing oxidized Met were excluded for further
analysis. Only proteins that were quantified with unique peptides
were exported. For each protein, the average of the normalized
abundances (obtained from Progenesis) was calculated and used
to determine the ratios between patients and control. Only
proteins which were (i) commonly quantified in all the replicates
with (ii) one unique peptides, (iii) an ANOVA p-value of ≤0.05
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(Progenesis) and (iv) an average ratio ≤ log2 0.99or ≥ log2−0.9
were considered as up respectively down regulated.

Data Plotting and Pathway Analysis
All data was plotted using Origin 6.0 and Adobe Illustrator.
For pathway analysis, the GO ontology, KEGG and Reactome
were used and data manually filtered for relevant pathways.
The Proteomap was the online tool available (https://www.
proteomaps.net/). The annotation of these proteomaps is based
on the KEGG database platform, each protein is shown by
a polygon, and functionally relevant proteins are arranged
as neighbors. Additionally, polygon areas represent protein
abundances weighted by protein size.

RESULTS

Clinical and Genetic Findings
We followed six patients diagnosed with CMD type 1A in
the Department of Neuropediatrics of the University Children’s
Hospital, University Duisburg-Essen, in a tertiary care setting.
Mutations in LAMA2 were found in all patients; however, one
patient, who was severely affected, was lost of follow-up at the
age of 2 years (patient 1).

Table 2 summarizes the molecular genetic, clinical and
neuroradiologic findings. All six patients presented with
symptoms within the first 4 months of life: poor head control,
generalized muscular hypotonia and muscular weakness, poor
spontaneous movements, delayed motor milestones, and high
levels of creatine kinase (CK). The highest measured CK levels
are listed in Table 2. The six children never achieved ambulation.
Patient 5 was able to walk with support, but after a febrile virus
infection with rhabdomyolysis at the age of 20 months she had
a dramatic loss of motor function. Currently, at the age of 35
months, she showed a recovery with the ability to stand with
support. All patients had dysphagia, recurrent chest infections
and need varying levels of pulmonal support (i.e., cough assist).
Additionally, joint contractures were present in all six patients.
In patients 2–6, the underlying genetic mutations segregate
with the phenotypes.

Four of our six patients underwent brain MRI, and three
of the four showed white matter lesions (WMLs) on T2-
weighted brain MRI images. The WMLs were characterized
by a diffuse symmetrical distribution in cerebral areas that
are normally myelinated in the developing brain (Figure 1)
without involvement of thalamus or brainstem in both cases.
Lissencephaly could not be detected in our patients. Patient 1 had
a brain MRI performed at the age 4 months, which might be too
early to detect WML in laminin-211-deficiency. All patients had
normal cognitive development with no seizures being reported.

Muscle Biopsy Findings
Frozen biopsied muscle tissue samples from all six patients were
analyzed and showed severe features of muscular dystrophy
including increased extracellular connective tissue with fibrosis,
cell necrosis, numerous central nuclei, and high fiber size
variability (Figure 2A). All patients presented total absence
of laminin-211 in our immunofluorescence-based microscopic

FIGURE 1 | MRI findings in MDC1A-patients included in the study. Brain MRI

TIRM (Turbo-Inversion Recovery-Magnitude, axial) show diffuse symmetrical

white matter lesions predominantly in the periventricular regions and no

involvement of thalamus or brainstem in both cases. (A) Patient 3 with

expanded supratentorial leukencephalopathy at two years of age. (B) Patient 4

diffuse leukencephalopathy.

examinations (Figure 2A). Moreover, laminin-511 was mild do
moderately increased in the muscle biopsy specimen of the six
patients as shown for two representative cases in Figure 2B.
As controls, we selected subjects who had underwent a muscle
biopsy, but who were found not to have any signs of a skeletal
muscle disease.

Loss of LAMA2 Induces Changes in
General Protein Composition in Human
Skeletal Muscle
Proteomic profiling is a useful approach to obtain unbiased
insights into the molecular etiology of diseases such as muscular
disorders (24, 25). To identify, molecular marker proteins
for muscle fiber vulnerability due to the loss of functional
laminin-211 (protein encoded by LAMA2), the proteomic
signature of muscle biopsy specimen of four MDC1A-patients
(patients 1–4; see Table 2) from the severe spectrum of the
disease was compared to the signature in four controls. Using
liquid chromatography coupled to tandem mass spectrometry
(LC-MS/MS) (label free protein quantification) (Figure 3), we
quantified 1977 proteins out of which 86 proteins presented
(4.3%) with statistically significant altered abundances (35
were increased and 51 decreased; Table 3). The considerable
decrease of laminin-211 (−3.84; log2) in the patient-derived
samples hereby reflects the sensitivity of our proteomic profiling
approach as well as the reliability of the data. To obtain
insights into the molecular etiopathology of MDC1A, pathway
analyses were performed utilizing DAVID (https://david.ncifcrf.
gov/), KEGG (www.genome.jp/kegg/pathway.html), Reactome
(www.reactome.org) and Proteomap (www.proteomaps.net). In
addition, information concerning subcellular localization and
function has been extracted from uniport (www.uniprot.org)
for each protein altered in abundance to provide a complete
picture of the molecular basis of MDC1A manifestation in
skeletal muscle (Table 3). Data analysis via diverse pathway
analysis tools revealed potential changes in axon guidance,
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FIGURE 2 | Muscle biopsy findings in MDC1A-patients included in the study.

(A) Muscle biopsy cryostat sections stained with hematoxylin and eosin (HE)

and immunofluorescence staining with anti-laminin-211 antibodies reveals

absent immunoreactivity in the patient-derived sections. (B)

Immunofluorescence staining of muscle cryostat sections with

anti-laminin-511 antibody reveals in increased immunoreactivity in muscle

biopsies of MDC1A-patients as indicated for two representative cases shown

here. Ctrl, control muscle; numbers 1, 2, 3, 4, 5, and 6 refer to muscle

biopsies derived from MDC1A-patients with the corresponding patient

numbers listed in Table 2.

cell cycle and DNA-repair, extracellular matrix organization,
metabolism of fatty acids, sugar, lipids and proteins. In
addition, protein changes seem to impact on vesicular transport
machinery, TCA and respiratory electron transport as well

as proper muscle contraction (Figure 3C). Data analysis via
Proteomap confirmed the impact of detected protein changes
on cell cycle, cellular metabolism, muscle contraction as well
as on the composition of the extracellular matrix. Based on
the functional properties of some of the proteoglycans with
altered abundances such as COL1A1 and -A2, LAMA4 and
ITGA6, changes in PI3K/Akt-signaling as a pathway involved
in a variety of cellular functions has been highlighted by
the Proteomaps-representation (Figure 3D). This molecular
observation accords with a postulated function of laminin-211 in
signal transmission (9).

Perturbed proteins represent tissue markers for LAMA2-
related congenital myopathy and—based on information
available in uniport—mainly localize to the sarcoplasm, to
nuclei, the SR and to mitochondria thus suggesting a global
unified organelle vulnerability in LAMA2-mutant skeletal
muscle with a predominance to mitochondria. In addition,
functions of several of the accord proteins accord with the
known involvement of laminin-211 in ECM-composition,
signal transduction, cytoskeleton, mitochondrial homeostasis
and muscle cell development. Interestingly, functions of
a variety of proteins increased in abundance hint toward
the activation of neuroprotective mechanisms including
neuromuscular transmission.

Altered Abundance of Paradigmatic
Proteins and Mitochondrial Vulnerability
Can Be Confirmed in Independent Muscle
Biopsies Derived From MDC1A-Patients
To study the potential of altered proteins as tissue markers and
reliability of our proteomic findings further immunofluorescence
studies were performed on the muscle biopsies derived
from the four patients included in the proteomic profiling
(patients 1–4) as well as on biopsies derived from two
further MDC1A-cases (patients 5 and 6). Doing so, we
focused on abundances and distribution of agrin, glypican-1,
and glucose-6-phosphate isomerase as paradigmatic proteins.
Immunofluorescence-based studies of agrin showed occasionally
focal sarcoplasmic accumulations most likely leading to the
detected increase of overall agrin protein level (Table 3)
as shown for two representative cases in Figure 4A. In
comparison to the controls which show an enrichment of
glypican-1 at the sarcolemma, in MDC1A-patient derived
biopsies, small sarcoplasmic dots immunoreactive for the
protein as well as an enrichment of these dots at the
(sub-)sarcolemmal region could be observed. This irregular
protein-distribution is shown for two representative cases
in Figure 4A and most likely causes the 3.25-fold (log2
ratio) increase detected by proteomic profiling. Moreover,
immunofluorescence studies confirmed the decreased expression
of glucose-6-phosphate isomerase in muscle biopsies derived
from four MDC1A-cases (shown for two representative cases
in Figure 4A).

Given that our proteomic data revealed a profound
vulnerability of NADH dehydrogenases, NADH muscle
histology (NADH-TR to highlight the oxidative enzyme
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activity) has been investigated in biopsies of six MDC1A-
cases and revealed no structural abnormalities like cores,
whorles or lobulated fibers but reduced staining and
even gaps in some muscle fibers indicative for reduced
enzyme activity (shown for four representative cases in
Figure 4B). Modified Gomori Trichrome staining has
additionally been performed in these patients to study
mitochondrial abnormalities and occasionally revealed both,
focal accumulations and reduced staining suggesting irregular
mitochondrial distribution (shown for four representative
cases in Figure 4B). Immunofluorescence studies of Glucose-
6-phosphate isomerase (GPI), glypican-1 and agrin have
been carried out twice with similar results. Prompted by
the proteomic results suggestive for vulnerability of the
respiratory chain, respective complexes have been investigated
by immunoblotting utilizing antibodies targeting proteins
localized to the respective complexes and muscle protein
extracts derived from two controls and three MDC1A-
patients. Results of these studies confirm a vulnerability of the
respiratory chain complexes (Figure 4C) and thus support our
proteomic findings which were indicative for mitochondrial
vulnerability. Immunoblot studies have been carried out twice
with similar results.

DISCUSSION

A complete loss of laminin-211, which is encoded by LAMA2,
causes a severe congenital muscular dystrophy with onset of
symptoms in the first few months of life. Partial laminin-
211 deficiency can be caused not only by primarily LAMA2
mutations, but also secondarily by other muscular dystrophies,
including dystroglycanopathy (26, 27). This in turn suggests
the need to define tissue marker proteins for patients with
classical MDC1A based on LAMA2 mutations leading to
laminin-211 deficiency. To systematically address this need,
proteomic profiling has been carried out using muscle biopsy
specimens derived from MDC1A patients with myopathy and
brain malformations. Results not only confirm laminin-211
deficiency but also accord with elevated CK level in the patients
as intramuscular CK was significantly decreased in the patient-
derived muscle. In addition, decrease of Mth938 domain-
containing protein (involved in preadipocyte differentiation and
adipogenesis) as well as of prostaglandin reductase 2 (involved
in inhibition of adipocyte differentiation) might provide a
molecular link to a replacement of degenerating muscle fibers
by fatty tissue. Based on the considerable increase of proteins
localized to the extracellular matrix (Table 3) our data moreover
confirm proliferation of connective tissue as a pathophysiological
hallmark of fibrosis observed in the muscle biopsy specimen
of our patients (Figure 1). The increase of LAMA4 (laminin
subunit α4/ Lm-411) as well as of LAMA5 (laminin subunit
α5/ Lm-511; identified by our routine diagnostic staining
(Figure 2B) and 1.7-fold (log2 ratio) increased with a p-
Anova of 0.19 in our proteomic findings; data not shown)
most likely reflects a cellular attempt to (partially) compensate
the loss of laminin-211 and to avoid a complete breakdown

of muscle fibers. This assumption is not only supported
by the results of a previous study showing that laminin-
111 protein therapy reduces muscle pathology and improves
viability of a MDC1A mouse model (28) but also by the
known important role of LAMA4 for NMJ-integrity (29), the
concomitant increase of integrin alpha-6/beta-1, a receptor for
laminin and the increase of the basal cell adhesion molecule/
laminin alpha-5 receptor (Table 3) to optimize laminin binding
to laminin-211-deficient muscle fibers. However, despite the
increase of LAMA4 in MDC1A, the resultant laminin-protein
complex is known to bind merely poorly to integrins and α-
dystroglycan (30).

Given that subtle neuromuscular junction (NMJ) defects
have been reported in laminin α2 chain-deficient mice (31),
the detected abnormal sarcoplasmic accumulation and thus
decreased release to the synaptic cleft of muscle agrin, a
basal lamina glycoprotein crucial for the formation and
the maintenance of NMJs, might contribute to impaired
neuromuscular transmission as part of the MDC1A-
pathophysiology. Along this line, increase of glypican-1,
might indicate activation of a compensatory mechanism to
avoid NMJ-breakdown resulting from profound de-innervation.
Notably, mini-agrin has been shown to bind to the basement
membrane and the DGC via α-dystroglycan and thus ameliorate
muscle pathology in vivo (32) and transgenic expression of mini-
agrin (contains binding sites for laminins and α-dystroglycan)
and αLNNd (recombinant protein linking LAMA4 to α-
dystroglycan) in a mouse model for MDC1A fully restored
basement membrane stability. This effect resulted in recovery
of muscle force and size leading to increased overall body
weight, and extended life span (33). Moreover, glypican-1 has
recently been linked to the pathophysiology of a muscular
dystrophy complicated by a myasthenic syndrome (34) as well
as of laminin α4, which has an important role in NMJ-integrity
(29). However, the conclusion of endogenous activation of
compensatory mechanisms in muscle of MDC1A-patients is
further supported by the increase of C4b-binding protein alpha
chain belonging to the complement system that deposits its
activation products on innervated motor end-plates in ALS-
patients (35).These combined findings in turn underline the
significance our proteomic profiling data aiding the identification
of marker proteins with pathophysiological relevance as well
as impacts for attempts to develop new treatment strategies
for MDC1A.

However, as the NMJ represents a paradigmatic synapse,
altered abundance of a variety of other proteins including
14-3-3F, AKR7A2, protein FAM162A, GTPC1, NIBAN, PRVA,
SRC8, Succinate-semialdehyde dehydrogenase, TTHY (Table 3),
might correlate with the broad activation of neuroprotective
mechanisms in the etiopathology of MDC1A and thus also
link to the CNS alterations of the children. NudC domain-
containing protein 2 modulates the LIS1/dynein pathway via
stabilization of lissencephaly protein 1 (LIS1) with Hsp90, a
cellular chaperone. Importantly, the p.L279P of NudC domain-
containing protein 2 influences LIS1 stability (36). Given
that lissencephaly has been described in MDC1A-patients (37)
increase of this protein not only accords with the concept
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FIGURE 3 | Proteomic profiling of four MDC1A-patient derived muscles. (A) Methodological workflow applied in the study. (B) Results of our label-free proteomic

profiling are shown as a volcano plot. All points (each one represents a protein) over the horizontal line have a statistically significant p-ANOVA of ≤0.05. In total, 51

proteins are decreased (red points) and 35 proteins are increased in abundance (green points) in laminin-211-deficient skeletal muscle. (C) Results of an in silico

pathway analysis of proteins altered in abundance utilizing DAVID, KEGG, and Reactome platforms indicating alterations of ECM protein composition, cellular

metabolism, axon guidance, cell cycle, and DNA repair, muscle contraction and of vesicular protein transport. (D) Results of an in silico pathway analysis of proteins

altered in abundance utilizing Proteomap platform confirming the perturbed cellular functions indicated by the results of the previous pathway analysis and moreover

indicating perturbed function of cellular signaling cascades such as PI3K-Akt signaling.
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FIGURE 4 | Confirmation study of proteomic findings in independent MDC1A-patient derived muscle biopsies. (A) Immunofluorescence studies of spectrin have been

carried out to visualize sarcolemma in muscle cryostat sections of control and patient-derived muscles and to show similar abundance and localization of the protein.

Further immunofluorescence studies of glucose-6-phosphate isomerase reveal a focal dot-like sarcoplasmic staining/ enrichment in muscle biopsy specimen derived

of controls (one representative control is shown here) but show a decrease in the biopsies of two representative MDC1A-patients. Immunofluorescence studies of

glypican-1 showed focal enrichment at the sarcolemma of control muscle (one representative control is shown). However, in the LAMA2-diseased muscle fibers, small

dots sarcoplasmic, and (sub-)sarcolemmal dots immunoreactive for glypican-1 were detected. Immunofluorescence studies of agrin revealed of a sarcoplasmic

enrichment/ aggregation in MDC1A-patient derived muscle fibers (white arrows) compared to control muscle fibers. (B) Histological NADH-TR staining revealed

“sarcoplasmic gaps” (white arrows in patient 2; second and third column) and reduced enzyme activity (white arrows in patient 2, 3, 5, and 6) as well as focal

enrichment in some myofibers (black arrows in patient 2, 3, and 6). Modified Gomori Trichrome staining revealed sarcoplasmic areas with minor staining (white arrows

in patient 2, 3, 5, and 6) as well as areas of sarcoplasmic and subsarcolemmal enrichment (black arrows in patient 2,3, and 5). (C) Immunoblot analysis of proteins

representative for the respiratory chain complexes I-V and of VDAC1 (porin) revealed a statistically significant decrease of complexes III and V as well as of VDAC1 in

MDC1A-patient derived protein muscle extracts compared to controls (diagram). GAPDH has been used as loading control and proteins have been quantified against

GAPDH (ns, not significant; *statistically significant, **statistically very significant).

of activation of proteins involved in neuroprotection (in
none of our patients lissencephaly was found via MRI) but
also provides a first molecular hint to the manifestation
of lissencephaly in the etiopathology of MDC1A. Neuronal
vulnerability associated with altered synaptic transmission—
as one pathophysiological cascade among others—is indicated

by the decrease of glucose-6-phosphate isomerase, acting as
a neurotrophic factor for spinal and sensory neurons (38),
of phosphatidylethanolamine-binding protein 1 involved in
the function of the presynaptic cholinergic neurons of the
central nervous system, of dihydropyrimidinase-related protein
2 involved in neuronal development and polarity and in
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axon growth and guidance (Table 3). Activation of protective
mechanisms toward maintenance of muscle contraction is for
instance indicated by increase of ADDG, CNN3 and myosin
light chain 4 as well as MYL6B (Table 3). Increased abundance
of sarcolemmal membrane-associated protein involved in
myoblast fusion (Table 3) might hint to activation or muscle
fiber regeneration.

Interestingly, the results of our proteomic profiling indicate
a profound vulnerability of mitochondria in laminin-211-
deficient muscle based on the downregulation of a variety of
mitochondrial proteins (Table 3 and Figure 4C) and reduced
mitochondrial respiration and ATP production in MDC1A-
patient derived muscle cells has been reported as the result of
changes in abundances of transcripts encoding for mitochondrial
key players (39). Among the dysregulated expression of genes
related to energy production in myotubes, Fontes-Oliveira and
colleagues described reduced level of NDUFA8 and decrease
of NADH dehydrogenase [ubiquinone] 1 alpha subcomplex
subunit 8 encoded by this transcript has been identified in
our study (Table 3). Thus, our proteomic data confirm an
impairment of the mitochondrial bioenergetic status on the
protein level in human MDC1A muscle cells also in complex
laminin-211-deficient muscle progressed in the etiopathology.
Clincally, one of our patients (patient 5) presented with
rhabdomylosis and loss of the ability to stand and walk
with support after a febrile infection. One might speculate
that this unusual disease course also hints toward severe
metabolic impairment.

As our study is based on the utilization of material
derived from patients with progressed status of the disease,
it is not possible to clearly differentiate between primary
pathophysiological events and molecular changes occurring
as a phenomenon secondary to the primary cascades.
However, intersection with data obtained from skeletal
muscle derived from murine animal models with early (and
unified) manifestation of the disease might harbor some
limitations regrading general validity of data comparison but
still allows to define candidate marker proteins of general
significance involved in the initiate pathophysiology. De
Oliveira and co-workers studied the proteomic signature of
diaphragm and gastrocnemius muscle derived from dy3K /dy3K

mice (MDC1A mouse model). Out of the approximately 700
identified proteins, 113 and 101 respectively, were differentially
expressed in the investigated tissues (40). Notably, there was
no overlap between the proteins increased in the muscle of
the mouse model and the patients although few proteins
with elevated levels in murine laminin-211-deficient muscle
are related to extracellular matrix composition and might
hint to early stages of fibrosis. Interestingly, parvalbumin
alpha has been identified as decreased in their study but
as increased in our proteomic profiling of MDC1A-patient
derived quadriceps muscle. As in skeletal muscle, parvalbumin
is thought to be involved in relaxation after contraction, its
increase might accord with the activation of compensatory
mechanisms upon disease progression. However, on a general
note, one might speculate that either the differences in the
investigated muscles (diaphragm and gastrocnemius in mice

and vastus in human) or the progressed disease in our patients
compared to the young-aged animals (four weeks) might
explain the missing overlap between increased proteins in mice
and human. Nevertheless, when focussing on the decreased
proteins, a variety of different ones are downregulated in
both, human and mice thus representing promising tissue
markers for MDC1A across species. These proteins include
creatine kinase M-type, voltage-dependent anion-selective
channel protein 1, glucose-6-phosphate isomerase, cytoplasmic
malate dehydrogenase, cytochrome C oxidase subunit 5A,
mitochondrial NADH-dehydrogenase [ubiquinone] flavoprotein
1 and dihydrolipollysine-residue succinyltransferase component
of 2-oxoglutarate dehydrogenase complex as well as NADH
dehydrogenase [ubiquinone] 1β subcomplex subunit 10 and
2-oxoglutarate dehydrogenase.

The intersected data is indeed indicative of defective
metabolism—especially mitochondrial function—in laminin-
211-deficient muscle cells of MDC1A patients and hence
confirm the findings of Fontes-Oliveira and colleagues in
mice (39). This is moreover underlined by the results of
our histological NADH-TR and Gomori Trichome staining
supporting the concept of impaired mitochondrial activity.
Along this line, the findings of both studies support the
hypothesis that skeletal muscle metabolismmight be a promising
pharmacological target to improve muscle function, energy
efficiency and tissue maintenance of MDC1A (39). Notably, in a
pre-clinical study utilizing Lama2-deficient mice, mitochondria
have been proven to represent a promising therapeutic
target (41).

CONCLUSION

Analysis of the proteomic signature of proximal muscle
derived from four children suffering from MDC1A allowed the
identification of 86 proteins with altered abundance and potential
pathophysiological impact. Focussing on molecular changes in
skeletal muscle, a variety of affected proteins are linked to
the vulnerability of the central nervous system, especially to
altered synaptic transmission in the disease caused by MDC1A.
Moreover, this suggests that therapeutic intervention targeting
the synaptic dysfunction might represent a promising element of
the overall concept in the treatment of MDC1A as already shown
in mice treated with agrin. Although our patients do not present
with lissencephaly, increased NudC domain-containing protein
2 might represent a potential protein modifier of the central
nervous system phenotype of MDC1A. Proteomic signature of
laminin-211-deficient muscle moreover indicated a profound
mitochondrial vulnerability with predominant decrease of
proteins belonging to complex 1. A comparison of our data with
the proteomic signature of laminin-211-deficient distal muscle
and diaphragm from mice allowed the identification of nine
decreased proteins representing potential markers for MDC1A.
However, more comprehensive studies utilizing skeletal muscle
derived fromMDC1A-patients (sub-cohorts at different stages of
the disease) are needed to ultimately define vulnerable proteins
as definite MDC1A tissue markers.
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CONTRIBUTION TO THE FIELD
STATEMENT

MDC1A is the most common form of congenital muscular
dystrophies. The disease is caused by mutations in the
LAMA2 gene and molecular studies of mouse muscle and
human cultured muscle cells already allowed first insights
into the underlying pathophysiology. However, the definition
of (candidate) marker proteins in human skeletal muscle
is still lacking. To address this gap of knowledge, we
conducted a study to investigate the proteomic signature
of laminin-211-deficient vastus muscle obtained from
four MDC1A-patients. Results of our unbiased screening
allowed the identification of potential tissue marker proteins
which might also be involved in the pathophysiology of
the disease.
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Idiopathic inflammatory myopathies represent still a diagnostic and therapeutic challenge

in different disciplines including neurology, rheumatology, and dermatology. In recent

years, the spectrum of idiopathic inflammatory myopathies has been significantly

extended and the different manifestations were described in more detail leading

to new classification criteria. A major breakthrough has also occurred with respect

to new biomarkers especially with the characterization of new autoantibody-antigen

systems, which can be separated in myositis specific antibodies and myositis associated

antibodies. These markers are detectable in approximately 80% of patients and

facilitate not only the diagnostic procedures, but provide also important information on

stratification of patients with respect to organ involvement, risk of cancer and overall

prognosis of disease. Therefore, it is not only of importance to know the significance of

these markers and to be familiar with the optimal diagnostic tests, but also with potential

limitations in detection. This article focuses mainly on antibodies which are specific

for myositis providing an overview on the targeted antigens, the available detection

procedures and clinical association. As major tasks for the near future, the need of

an international standardization is discussed for detection methods of autoantibodies in

idiopathic inflammatory myopathies. Furthermore, additional investigations are required

to improve stratification of patients with idiopathic inflammatory myopathies according

to their antibody profile with respect to response to different treatment options.

Keywords: myositis, inflammation, autoantibodies, antigens, biomarker

INTRODUCTION

Idiopathic inflammatory myopathies (IIM) represent a heterogeneous group of acquired muscle
diseases with so far unclear etiology. The different entities are associated with diverse clinical
symptoms ranging from amyopathic to necrotic inflammatory muscle involvement, typical skin
and internal organ involvement. In addition to the clinical picture, histological and serological
findings are especially supportive in differentiation and stratification of disease (1). Based on
this characteristics, IIM can be classified into different major sub-types: (i) polymyositis (PM),
(ii) sporadic inclusion body myositis (sIBM), (iii) dermatomyositis (DM), (iv) immune-mediated
necrotizing myopathy (IMNM), and (v) overlap syndromes with myositis (2, 3). Within the
spectrum of antibodies two classes have been proposed (4), designated as myositis specific
antibodies (MSAs) due to their exclusive association with IIM or as myositis-associated antibodies
(MAAs) due to their prevalence in different other connective tissue disorders. This article focuses
on an overview on so far identified specific autoantibody-antigen systems in IIM. Furthermore, we
discuss the available methods, strategies and pitfalls of autoantibody detection in IIM as well as
their diagnostic performance and clinical association.
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CHARACTERIZATION OF DISEASE

SPECIFIC ANTIGEN-ANTIBODY SYSTEMS

IN IIM

As with many other systemic autoimmune diseases, it is unclear
so far, whether and how the observed autoantibody formation
is directly associated with the pathogenesis of disease or is just
an epiphenomenon. However, the striking association between
certain autoantibodies with a distinct clinical phenotype, their
high disease specificity and their value for stratification and
prognosis of disease suggests that they may play a role in disease
induction and propagation (5). This section describes in detail
the nature and function of so far identified IIM specific antigens.
A complete overview on so far identified antigens and the
corresponding autoantibodies in adult and in juvenile patients
with IIM is given in Table 1.

The best-known autoantigen-autoantibody system in IIM is
directed against transport ribonucleoacid (t-RNA) synthetases

and represents a specific finding in patients with so named anti-
synthetase syndrome (ASS). The targeted synthetases catalyze the
binding of a specific aminoacid to their t-RNA in the cytoplasm
of each eukaryotic cell for transportation to the ribosome and
subsequent protein synthesis. At least eight t-RNA synthetases
have been identified as autoantigens. Anti-Jo1 antibodies are
the most common ones and received their designation after the
initials of the index patients (44). It is unclear, why not all t-
RNA synthetases are targeted by the immune system in ASS,
but only the tRNA synthetase for threonyl (PL-7), alanyl (PL-
12), isoleucyl (OJ), glycyl (EJ), asparaginyl (KS), phenylalanyl
(Zo), tyrosil (Ha), and finally the histidyl synthetase (Jo-1). Even
more of interest is the question, whether the antibodies can
interfere with the function of the respective t-RNA synthetase as
it has been shown for anti-Jo1 antibodies by in-vitro experiments
(45, 46). This particular antibody specificity belongsmainly to the
IgG1 isotype and binds to common epitopes (47).

For the anti-Jo1 antibodies, it was shown that the formation
of the major autoepitope is strongly dependent on proper
folding of the molecule (46). As a shared risk factor for anti–
Jo-1 autoantibody positivity, the HLA–DRB1∗0301 allele was
identified in European as well as African Americans (48). In the
Japanese population, HLA–DRB1∗0405 was associated with the
formation of an anti-tRNA antibody response (49).

Another specific antigen is the transcription intermediary
factor-1 gamma (TIF-1γ). This multi-functional protein with a
molecular weight (MW) of 140/155 kilo-Dalton (kDa) is mainly
involved in gene transcription (27, 50–53). The TIF-1 family is
composed of tripartite motif-containing (TRIM) proteins, which
are all implicated in cell proliferation, development, apoptosis,
and innate immunity (54). All TIF1 proteins share a C-terminal
chromatin reading unit consisting of a plant homeodomain
finger and a bromo-domain (BROMO) that is highly conserved
among TIF1 family members, but which is not present in any
of the other TRIM proteins (55, 56). Of note, while the most
common target in anti-TIF1-positive CAM (cancer-associated
myositis) is TIF1γ, other proteins of the TIF1 family (TIF1α
and β) may also be simultaneously targeted by the immune
system (53).

The tripartite containing motif (TRIM) allows these proteins
also to function as E3-ligases in the ubiquitination pathway to
control protein degradation, localization, and function. In this
context, it is interesting to mention that TIF1-γ is involved in
the regulation of TGF-β signaling via mono-ubiquitination of
SMAD-4 leading to suppression of TGF- β. Thus, by stimulating
cell growth and differentiation, TIF1-γ could play a pivotal
role in promoting or suppressing malignant cell growth and
differentiation (57). The known association of anti-TIF1-γ
antibodies with a high risk of cancer development in DM suggest
that this link could be not random. Of note, anti-TIF antibodies
were only rarely detectable in patients with solid cancer (3.1%) or
paraneoplastic rheumatic syndrome (3.3%) without DM (58).

Recently, it was recognized that tumors from paraneoplastic
anti-TIF1-γ positive patients showed an increased number of
genetic alterations, such as mutations and loss of heterozygosity
(LOH) in TIF1 genes (59). Compared with type-matched control
tumors from non-myositis patients, TIF1-γ staining was also
significantly more intense in tumors as well as muscle tissue
from anti-TIF1-γ positive patients. This finding could indicate
that the co-occurrence of mutations in peptide regions of TIF1
with high affinity for HLA class I and tumors with high-level
TIF1 protein expression may initiate a strong adaptive immune
response against neoplastic cells with the mutation. Interestingly,
LOH is the most frequent way to lose a mutant allele in human
cancer and this is key to tumor immune-editing, since tumor cells
with mutations producing a neo-antigen may be eliminated by
the immune system and replaced by tumor cells with LOH in
that region (without the antigenic mutation) (60, 61). Thus, these
modifications can induce an immune response, but also cause an
escape of the tumor cell from clearance.

It has been described that DM disease increases toward
the equator and strongly associate with latitude. Recently,
this observation was confirmed by another study showing
that relative prevalence of DM and frequency of anti-TIF1-
γ autoantibodies were found to be significantly negatively
associated with latitude in adult myositis. Furthermore, HLA
alleles HLA-DRB1∗ 07:01 and HLA-DQB1∗02 were strongly
associated with the DM-specific autoantibodies anti-Mi-2 as well
as anti-TIF1-γ (62).

The component of the nucleosome remodeling deacetylase

complex, Mi-2, is an autoantigen of 240 kDa MW and exists
in two isoforms Mi-2α (CHD3) and Mi-2β (CHD4). Mi-2 is
responsible for the remodeling of chromatin by de-acetylating
histones and plays a role as transcription repressor (63). The
role of anti-Mi-2 autoantibodies in the pathogenesis of DM
is unclear. However, the autoantigen Mi-2 is found to be up-
regulated in the muscle tissue of DM patients. Of note, exposure
of keratinocytes to UV radiation has been shown to increase
the expression of Mi-2 protein supporting the hypothesis that
UV radiation may be associated with the induction of anti-
Mi-2 autoantibodies (64). However, a reported increase in the
presence of anti-Mi-2 autoantibodies toward the equator was
not confirmed by a current study (62, 65). A preferential
expression was described in the nucleus of myofibers within
fascicles affected by perifascicular atrophy, particularly in the
centralized nuclei of small perifascicular muscle fibers expressing
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markers of regeneration (66). In a mouse model of muscle injury
and repair, Mi-2 levels were dramatically and persistently up-
regulated duringmuscle regeneration in-vivo. Of note, premature
silencing of Mi-2 with RNA interference in vitro resulted in
accelerated myoblast differentiation. In summary, these results
indicate that this protein may play a role in modulating the
kinetics of myoblast differentiation. European and American
anti–Mi-2 antibody positive DM patients have a common genetic
risk factor DRB1∗0701 (67). Furthermore, HLA-DRB1∗0302 was
identified to be associated with anti–Mi-2 autoantibody positive
African American patients (48). Of note, all HLA molecules
were found to share a 4–amino-acid sequence motif, which was
predicted by comparative homology analyses to have identical
3-dimensional orientations within the peptide-binding groove.

The target antigen of antibodies against small ubiquitin-like

modifier activating enzyme (SAE1/2) is the SUMO-1 activating
enzyme heterodimer with a MW of 40 and 90 kDa, respectively.
This antigen is involved in the posttranslational modification
of proteins, the so called “sumoylation” (68, 69). Of note, a
strong association with the HLA-DRB1∗04-DQA1∗03-DQB1∗03
haplotype has been reported (25). This is another example in IIM,
where the association between genotype, serotype and clinical
picture suggest a link to the pathogenesis of disease.

Immune reactivity against the signal recognizing protein

hetero-complex (SRP) is associated with immune-mediated
necrotizing myopathy (IMNM). This 72/52 kDa antigen is
expressed in the cytoplasm and responsible for transport proteins
to the endoplasmic reticulum. SRP consists of six polypeptides
(including SRP19 and MIM 182175) as well as seven SL-RNA
molecules with partial homology to Alu-DNA (70, 71). Although
antibodies against SRP can target each of the different SRP
components, a signal peptide-binding 54 kDa subunit (SRP54)
represents a major epitope recognized by almost every sera
and is, therefore, preferentially used in immunoassays (72–76).
Although it is not clear, how the antibodies can interact with
the SRP1/2 autoantigen, it was shown that anti-SRP antibodies
can inhibit the translocation of secretory proteins into the
endoplasmic reticulum in-vitro and that a passive transfer of
IgG from anti-SRP+ patients with IMNM provoked muscle
deficiency through a complement-mediated mechanism in mice
model. Interestingly, also active immunization with SRP was
able to induce an immune response and provoked disease
(76, 77). A correlation between anti-SRP54 antibody titers and
disease activity was also shown in a longitudinal follow-up study
suggesting a pathogenic role of this antibody entity (78). As a
genetic risk factor, HLA- DQA1∗0102 was identified in anti–SRP
autoantibody positive African American patients (48).

The melanoma differentiation antigen 5 (MDA-5, synonym
CADM-140) with a MW of 140 kDa belongs to the family
of RIG-I-like receptors of adhesion molecules and represents
a resistance factor against double stranded RNA viruses (49,
79). The MDA-5 molecule plays an important role in the
regulation of the immune response by the innate system. In
this context, it was shown that MDA-5 bind virus particles,
e.g., picornaviruses such as coxsackievirus, and induce an
antiviral responses by producing type-I interferons and tumor
necrosis factor (80). It was also reported that hyperferritinemia
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could be a marker for rapidly progressive ILD in anti–MDA-
5 antibody positive DM patients (81, 82). In this context
many cytokines regulate the ferritin synthesis, including IL-1β,
IL-18, TNF, IFN-γ, and IL-6 and several of these cytokines
are considered to be involved in IIM pathogenesis. HLA–
DRB1∗0101/∗0405 was found to be associated with susceptibility
to anti–MDA-5 antibody positive DM in the Japanese population
(49). Interestingly the same alleles are well-known to play a role
in the susceptibility to autoantibody induction in rheumatoid
arthritis (83).

Autoantibodies against the nuclear protein 2 (NXP-2),
also known as MJ or p140 antibodies, are directed against a
nuclear matrix protein complex named NXP2/MORC3, which
is involved in regulation of p53-induced cell senescence in
the context of oncogenic signals (23). NXP-2 is associated
with the small ubiquitin modifier SUMO-2 and represses its
expression (84).

The enzyme 3-hydroxy-3-methylglutaryl-CoA reductase

(HMGCR) was recently identified as a target of autoantibodies
induced under treatment with statins. The antigen is expressed
in the ER membrane and has a MW of 200/100 kDa. HMGCR
catalyzes the conversion of HMG-CoA to mevalonic acid, which
is an important step in cholesterol biosynthesis. So far, reports
about HMGCR in myositis are rare, however in animal studies
it was demonstrated that loss of HMGCR function disrupts
vascular stability during developmental processes (4).

DIAGNOSTIC TESTING FOR

AUTOANTIBODIES IN IIM

To assess disease activity and as indicators for muscle injury in
IIM, basic laboratory diagnostics are used, such as measurements
of levels of inflammatory markers as well as serum activity and/or
concentration of muscle specific proteins including creatine
phosphokinase (CPK) or myoglobin. However, these markers are
unspecific and not helpful to distinguish between the different
forms of inflammatory muscle damage. In contrast, the reactivity
of the described autoantibodies does not sufficiently correlate
with disease activity in IIM, but can rather serve for stratification
of the disease process and outcome (85). This section focuses
on helpful information with respect to routine procedures
of autoantibody detection and the recommended diagnostic
approaches, since it is of enormous importance to know these
basics for appropriate interpretation of results.

Serum is usually used for the detection of autoantibodies, and
test procedures are performed according to the manufacturer’s
validation. From a preanalytical point of view, time point
of venepuncture and fasting status of the patient are not
relevant. However, hemolytic, lipemic or contaminated blood
samples should not be used, since the released proteins and
proteinases can interfere with the immunologic method of
detection. Especially in case of a prolonged transportation of
the blood sample, serum should be separated in advance by
centrifugation at 1,300 g. Subsequently, the serum samples can
be stored at 2–8◦C for up-to 2 weeks before analysis. A longer
period requires freezing at minus 20◦C, which presumably

allows conservation of the autoantibody reactivity for years
(86, 87). Furthermore, some treatment procedures including
administration of strong immunosuppressive drugs such as B-
cell directed therapies as well as plasmapheresis or administration
of intravenous immunoglobulins can influence the result of
detection by decreasing the concentration of the autoantibodies.

From the methodical point of few, detection of autoantibodies
in IIM is not well-standardized and no international reference
samples are available so far. In general, immunoprecipitation of
radio-labeled proteins or RNA molecules is still considered to
represent the “gold standard” (68). However, due to the time-
consuming procedure, high amount of required antigens and low
sensitivity, this method is not a routine procedure inmost clinical
laboratories. Therefore, for the detection of IIM specific and/or
associated autoantibodies several, more efficient approaches
such as immunofluorescence, ELISA and western blotting
are widely used (88–90). In general, immunofluorescence
requires large experience to interpret patterns and may not be
sensitive enough to detect all MSAs/MAA. On the other hand,
ELISA methods using recombinant antigens or immunoblotting
with denaturated antigens can probably not detect antibodies
to certain conformational epitopes. Line-blot assays allow a
qualitative detection of many antibodies in one run. In contrast,
and in accordance to the manufacturer specification only a
limited number of MSAs/MAAs can be detected by commercial
available ELISAs so far.

Indirect immunofluorescence (IIF) on HEp-2 cells, a human
epithelioma cell line, is commonly be used for detection of
anti-nuclear antibodies (ANA), but also enables detection of
antibodies against cytoplasmatic antigens. This method allows
a screening for a wide range of autoantibodies especially in
connective tissue disorders by describing the staining pattern
(e.g., nuclear, nucleolar, cytoplamatic), as well as the reactivity
titer starting with a serum dilution of usually 1:80. Although
no agreement has still been reached on the interpretation and
reporting of the ANA titres, results can be considered as weak
positive in antibody titer of ≥1:160 and as strong positive in a
titres of ≥1:640. In this context, it is important to mention that
measured titers often do not correspond with the significance
of the results. In other words, a low reactivity should not be
considered as irrelevant. Furthermore, it is also important to
pay attention to the described pattern of immunofluorescence
in the nucleus, but also the cytoplasm. It is helpful to know
that IIF on HEp-2 cells shows characteristic patterns of some
MSA or MAA antibodies such as those against PM/Scl with
prominent homogeneous staining of the nucleous, U1-RNP
with coarse speckled staining of the nucleus, Jo-1 or SRP with
fine speckled stainings of the cytoplasm (Figure 1), but is not
sufficiently accurate to be used as the only screening tool for
myositis antibodies.

Although most of the targeted antigens in IMM are expressed
within HEp-2 cells, their detection by IIF is clearly limited. The
reasons for frequent false negative results is diverse including
e.g., low expression level of the antigen or low affinity of the
antibodies causing a weak staining signal. Furthermore, the
intracellular distribution of relevant antigens in IIM is usually
diffuse generating an unspecific staining pattern. Thus, week
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FIGURE 1 | Indirect immunofluorescence with typical nuclear patterns of MSA and MAA. Immunofluorescence patterns are indicated with the terminology of the

International Consensus on ANA Patterns (ICAP).

positive results are often not recognized, as it frequently occurs
even with anti-tRNA synthetase antibodies. Nevertheless, IIF
on HEp-2 cells is an important diagnostic procedure. Table 1
summarizes frequent staining patterns in conjunction with the
respective antibody and, Figures 1, 2 show representative IIF
staining patterns indicating the respective nomenclature for the
most frequent MSAs and MAAs by International Consensus on
Autoantibody Patterns (ICAP).

For the detection of classical and new myositis antibodies,
multi-analyte line blot assays and ELISA are the current routine
methods of choice. In contrast to IIF, commercial ELISAs and
line-blot assays use purified or recombinant expressed antigens
for detection of antibodies. These methods allow the targeted
detection or confirmation of respective antibodies in serum
samples, which are usually diluted 1:100. In contrast to semi-
quantitative results provided by line-blot assays (with negative,
weak or strong positive signals, see Figure 3), ELISA based
methods allow a better quantification of antibody reactivity,
especially if international standards will be available. However,
the majority of ELISA methods published hitherto to detect
novel myositis antibodies are in-house made and most of the
commercial ELISAs only report negative or positive results by

using a cut-off level of reactivity defined by the providing
manufacturer. A multiplex-approach for detection of several
antibodies in one immunoassay has also limitations and pitfalls
due to the difficult optimization of the cut-off for all investigated
antibodies. Therefore, it is always important to check the
plausibility of the obtained results, not only in cases of weak
or borderline reactivity, but also in case of discordance between
the different immunoassays (e.g., negative ANA staining pattern
but positive anti-PM/Scl antibodies in ELISA or line-asays).
On the solid phase of an immunoassay, the antigen structure
can be altered yielding a false positive antibody reactivity,
which is not directed against the native antigen. Therefore,
it is important, that involved diagnostic laboratories are be
informed about the clinical suspected diagnosis and provide
high quality assays proven by regular internal and external
quality controls.

The major advantage of ELISA and line blot test
assays is the option of automation test fastness. In this
context, the development of commercial quantitative
immunoassays including ELISA, chemiluminescence
and immunofluorometry has facilitated the use at large
scale in routine laboratories and provided interesting
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FIGURE 2 | Indirect immunofluorescence with typical cytoplasmic patterns of MSA and MAA. Immunofluorescence patterns are indicated with the terminology of the

International Consensus on ANA Patterns (ICAP). AC-19-cytoplasmic dense fine speckled, AC-20-cytoplasmic fine speckled.

FIGURE 3 | Detection of anti-Jo-1 and anti Ro-52 antibody reactivity in a line-blot assay showing the reaction intensity by a scan-software of the fabricant

(EUROLINE, Euroimmune, Germany).
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information on correlation of clinical and serological findings
in IIM.

CORRELATION OF MSA WITH CLINICAL

FINDINGS

In addition to inflammatory lesions of skeletal muscles,
involvement of other organs such as skin, joint, lung and
heart is frequent in IIM. Extra-muscular involvement, especially
interstitial lung disease (ILD) and underlying malignancy in
cancer-associated myositis (CAM) are the two dominating
factors contributing to increased mortality in IIM-patients (91,
92). This section gives an overview on the association of MSA
with clinical findings and their diagnostic performance. The
incidence of most of the so far identified autoantibody activities
of European patients is in agreement with similar studies of
Japanese and American patients (7).

ANTIBODIES AGAINST T-RNA

SYNTHETASES

Patients with antibodies against t-RNA synthetases are prone
to develop the so called anti-synthetase syndrome (ASS)
characterized by myopathy, interstitial lung disease (ILD), non-
erosive arthritis, fever, Raynaud’s phenomenon and mechanic’s
hands. Since not all symptoms are present at disease onset,
ASS should be carefully considered in patients presenting with
isolated arthritis, even in those with erosive manifestation
and RF as well as ACPA-positivity (93, 94). The presence of
anti-synthetase antibodies can be suspected if a characteristic
cytoplasmic pattern on HEp2 cells is evident (Figure 1).
However, confirmation is needed using ELISA, immunoblot
or line-assays with the isolated antigens. Depending on the
diagnostic method anti-Jo-1 antibodies are the most frequent
autoantibodies in IIM, they can be detected in 20–30% of patients
(7, 95). Titers of Jo-1 antibodies were shown to correlate with
disease activity in adults (95). In muscle biopsies of anti-Jo-
1 positive myositis patients a specific histologic pattern with
peri-fascicular necrosis has been described (96).

The CT- and histomorphologic pattern of ILD in anti-
synthetase syndrome can vary between non-specific interstitial
and organizing pneumonia (97). Antibodies against PL-7 and
PL-12 are positive in up to 5% of IIM patients. Clinically they
are associated with less muscle involvement but with a higher
proportion of ILD, which might have an acute onset (98).
Furthermore, pericarditis was observed in up to 50% of anti-PL7
positive patients (99). Antibodies against OJ, EJ, KS, Zo, and Ha
are rare and only present in 1–3% of patients with ARS. The
coincidence of anti-Ro52/TRIM21with anti-ASS antibodies was
described to be associated with severe myositis and arthropathy
as well as with an increased risk of cancer (7, 99, 100). The
onset of ILD and myositis, as leading symptoms in ASS, can be
subsequently or in parallel, while the course of ILD must not
necessarily be progressive.

DM-Specific Antibodies
Anti-Mi-2 antibodies have a high specificity for both adult and
juvenile DM (JDM). Mi-2-antibodies produce a fine speckled
nuclear pattern in IIF on HEp-2 cells (AC-4 of the ICAP
nomenclature) and are detectable in approximately 30% in
adult and 10% in juvenile DM (JDM) patients, respectively.
Patients with positive anti-Mi-2 antibodies have usually a milder
myopathy, lower risk of interstitial lung disease (ILD) and
malignancy (101). Skin manifestations, such as Gottron’s sign
and heliotrope rash, as well, rashes in neck (V rash) and
upperback (shawl rash) or cuticular overgrowth are typical.
Patients respond well to steroid therapy and have a good
prognosis. Furthermore, levels of Mi-2 antibodies were shown
to correlate with clinical response to B-cell depletion therapy
(102). Although DM with antibodies against Mi2-β can be
associated with neoplasia (e.g., colon or mama-carcinoma), anti-
Mi-2 antibodies are in general associated with a lower risk
of paraneoplastic myositis and hence considered to be a good
prognostic factor.

Anti-TIF1γ (anti-155/140) antibodies are detectable in 13–
21% of patients with tumor associated adult DM and in
approximately 30% of severe juvenile DM patients (23, 27). In
fact, these antibodies are the most frequent marker in juvenile
IIM (JIIM) and are primarily associated with JDM. They were
originally found almost exclusively in JDM, in about of 23–
29% of cases using immunoprecipitation and immunoblotting.
Interestingly, in recent studies including a total of 374 cases
with JIIM, 131 cases (35%) were found to be positive for these
antibodies. In detail, the antibodies were detectable in 38%
of patients with JDM (123/320) and in 26% of patients with
an overlap syndrome with myositis (8/31) (103, 104). TIF-γ-
antibodies are known to be very frequently associated with
malignancy in adults with a specificity of 89%, sensitivity of
78%, and positive and negative predictive values of 58 and
95%, respectively (105). In contrast to adults, there is no
paraneoplastic association in JIIM (106). Skin manifestations are
characterized by a usually slowly progressive onset, but are more
extensive than in other JDM groups. In fact, skin ulcerations and
lipodystrophy were reported to be particularly associated with
these antibodies. However, this was not reported uniformly, since
recent studies did not observe ulceration or V-rashes significantly
more frequent in this group than in others (104). Of note, it
has been shown that levels of TIF-γ-antibodies correlate with
response to B-cell depletion therapy in pediatric patients (102).

Anti-NXP2 antibodies (MJ or p140) cause a fine speckled
ANA pattern on IIF, but this pattern is often misinterpreted
as variable nuclear dots (Figure 1). These antibodies have
been originally described in children with JDM in about 25%
of cases (107, 108). In a cohort of 436 patients with JIIM,
their prevalence was reported to be approximately 21% in
JDM, 9% in JPM and 15% in overlap syndromes (juvenile
connective tissue myositis, JCTM) (104). Subsequently, anti-
NXP2 antibodies have been also detected in approximately
30% of patients with DM and 8% with PM in a cohort of
58 adult Italian patients (109), but in only 1.6% of 507 adult
Japanese patients (110). In the Italian cohort, a good response to
therapy was reported for muscle involvement (109). In juvenile
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FIGURE 4 | MDA5 positive patient with an amyopathic dermatomyositis (A) maculopapular palmar rash and hyperkeratosis, (B) rapid progression of ILD

manifestations within 5 weeks.

DM, the autoantibodies directed against NXP-2 are frequently
associated with calcinosis and ischemic muscle involvement in
up to 60% of cases (111). In adults, a possible association
was reported with malignancies such as mamma-, uterus- and
pancreas-carcinomas.

The ANA pattern of anti-MDA5 antibodies on HEp-2 cells in
IIF is usually negative. These antibodies were identified for the
first time in East-Asian populations. They are more frequently
observed in adult DM and were reported in a prevalence of 19–
35% (19, 81). In a study with 285 patients with JDM (112), anti-
MDA5 antibodies were detectable in 7.4% of patients (21/285)
and a recent review reports a prevalence of 0–13% in Europe
and USA (113). The typical clinical manifestations of adult IIM
patients with anti-MDA5 antibodies were amyopathic myositis
with rapidly progressive interstitial lung disease (ILD), which
in turn determines a high mortality rate in these patients
(Figure 4). However, ILD must not be rapidly progressive in
every case. In contrast to Asian patients, Caucasian patients often
show skin ulcerations and painful palmar papules (114, 115).
Furthermore, differences were also reported for Asian compared
to Caucasian JDM associated with MDA-5 antibodies. In this

context, Japanese patients showed a pulmonary involvement in
nearly 50% of patients, whereas the incidence of ILD was much
lower in Caucasians. JDM patients with anti-MDA5 antibodies
show frequent skin as well as oral ulceration, but no calcinosis
and had less severe muscle weakness compared other JDM
subtypes. Of note, ILD was found in 4 of 12 cases (19%) on
chest X-ray. None of these anti-MDA5 antibodies positive ILD
patients was positive for anti-synthetase antibodies suggesting
that anti-MDA5 antibodies represent an own subtype of IIM.
This study also revealed that more patients with anti-MDA5-
antibodies were in remission after 2 years compared to patients
without these antibodies. In the follow-up, patients in remission
showed a decline in the titer of MDA5 antibodies. These results
resemble those of prior studies in which antibodies were shown
to disappear during disease remission (20).

The anti-SAE-antibodies were originally described in
adults with DM exhibiting an amyopathic onset with skin
manifestations, but who may develop myositis several months
later. Lung involvement was infrequent reported. The antibodies
were detected in approximately 7–8% of adult Caucasian patients
with DM (25, 116). In a study with 110 Japanese patients with
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DM including 13 with JDM, only 2 patients with DM (1,8%)
were shown to have SAE-antibodies (117). In a large study with
436 patients with JIIM, only one patient with JDM was positive
for anti-SAE-antibodies (118). Therefore, the presence of
SAE-antibodies in patients with JIIM seems to be extremely rare.

Immune Mediated Necrotizing Myositis

(IMNM)
Anti-SRP-Antibodies were detected in about 3 to 7% of
adults with IIM (73, 119). In JIIM, these antibodies are
even more infrequently observed in only 1.6% of patients
exclusively with juvenile polymyositis (JPM) (103, 120). The
presence of SRP-antibodies can be suspected by detection
of a cytoplasmic staining pattern in ANA IIF (Figure 1).
Adults with anti-SRP-antibodies develop typically an acute
necrotizing myopathy with prominent muscle impairment
without skin manifestations. Compared to other myositis forms,
a satisfactory response to medicament treatment is difficult to
achieve. Pulmonary involvement, Raynaud-symptoms, arthritis
or overlap syndromes are infrequent. Similar to adults, juvenile
patients have very high levels of CPK as well as often cardiac
involvement detectable e.g., by ECG or echocardiography.
Of note, adult patients show frequently Raynaud-symptoms,
dysphonia and dyspnea under exertion (107). Compared to
other forms of JIIM, onset of symptoms is late in patients
with anti-SRP-antibodies. However, two unusual cases have
been published recently with onset in the first decade of life
showing muscular dystrophy and a low degree of inflammation
in muscle biopsy (107). The antibody titer against SRP seems
to correlate with clinical activity as well as with levels of CPK
in adults as well as in JIMM and can be used for monitoring of
therapy (78, 121).

Antibodies against the enzyme 3-hydroxy-3-methylglutaryl-

CoA reductase (HMGCR) have been identified initially in
patients with immune mediated necrotizing myositis (IMNM) in
association with statin treatment. Overall, autoantibodies against
HMGCR are detectable in 6–7% of patients with IIM (28–
30). Myalgias, as a common side effects under statins, are not
associated with this form of myositis and positive HMGCR-
antibodies. In fact, only a minority of patients under statin
treatment develops myopathy with anti-HMGCR-antibodies
(122). Furthermore, even patients without statin treatment
can develop necrotizing myositis with positive anti-HMGCR-
antibodies (123). Results of a multicenter study show that
the majority of patients with anti-HMGCR antibodies have
IMNM. In this study, the prevalence of anti-HMGCR antibodies
in different subpopulations of IMNM exposed to statins was
approximately 70%, and even 75% in patients above the age of
50 years. However, approximately 45% of INMN patients had
no exposure to statins and in 5% of cases did not show muscle
necrosis (124). In contrast to non-immune statin myopathy,
which resolves after stopping statin therapy, patients with anti-
HMGCR antibodies have a persistent autoimmune response
despite cancelation of treatment with the inducing agent. Similar
to SRP antibodies, the titer of anti-HMGCR antibodies correlates
with the clinical activity of necrotizing myositis. However, in
contrast to SRP antibodies it is not known, whether antibody

titres can normalize under effective therapy (125–127). Of note,
these antibodies have also been detected in children after statin
therapy recently, however, the experience with these cases is
very limited (128, 129).

The detection of anti-HMGCR antibodies was performed by
only few laboratories using immunoprecipitation so far, since no
standardized commercial assay was available. An introduction
of other methods such as ELISA or chemiluminescence for the
detection of anti-HMGCR antibodies could make this test widely
available to facilitate the diagnostic possibilities (130). However,
since such immunoassays can yield false positive results due to
detection of low avidity antibodies, a confirmatory analysis by
immunoprecipitation can be recommended (131). Interestingly,
usage of rat hepatocytes in indirect immunofluorescence was
proposed (132). However, although some laboratories have
adopted this strategy, there are not yet available data from an
extended use of this approach (133). Of note, in a French cohort
study HMGCR positive IMNM-patients were found to be at
higher risk for malignancy (134).

AUTOANTIBODIES IN DM AND THE RISK

OF CANCER

A high risk of cancer development is well-described and has led
to the sub-categorization of cancer associated myositis (CAM)
(135). The overall risk of cancer in myositis is significantly higher
than in the age-matched population and approximately 10% of
IIM are associated with malignancies (134–138). In DM, the
risk is especially increased in the first 5 years after diagnosis
(139–144). The most common cancers among the reported
cases associated with DM are nasopharyngeal carcinoma and
adenocarcinoma of the ovary, lung, pancreas, stomach and colon
(139–145). Many studies have claimed the presence or absence of
certain antibodies as markers for the risk of cancer in myositis.
The autoantibody profile is considered a useful tool to identify
patients at risk for CAM (32). In this context, the best established
antibodies are directed against TIF1-γ with a high sensitivity and
specificity for cancer associated DM in adult patients (27, 52, 53,
105, 146, 147), but not in JDM (50). Furthermore, also NXP-2
positivity in DM patients has been identified as a risk factor for
malignancy (148). The association of anti-synthetase and anti-
HMGCR antibodies with cancer is less clear and needs further
confirmation. To exclude an associated malignancy in clinical
practice repetitive examinations can be recommended in DM
patients at risk, whereas clear guidelines on the frequency and
extension of such diagnostic procedures are missing so far.

SUMMARY

Autoantibodies in IIM are very important diagnostic and
prognostic markers, which can help to facilitate our approach
to these rare and divers diseases. They correlate closely with
the clinical manifestation of disease and allow stratification of
patients. However, a laboratory result provides always only a
piece of the diagnostic puzzle and should always be questioned
if not plausible. For this purpose, a better knowledge on the
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limitations of the laboratory procedures is necessary and tests
should only be performed if indicated according to the clinical
picture. To allow comparison and improve reproducibility, the
existing assays require uniform standards on an international
level, and optimized methods for a broader distribution. If
these issues can be solved, antibodies in IIM will play a
more prominent role in the classification of disease. Another
interesting and important tasks for the future will be to
investigate the treatment response in IIM patients according
to their antibody profile in more detail. This includes the
question, whether different antibodies correlate with disease
activity, but can be also used for an individualized approach
to predict the response and outcome. Finally, the interaction of
the antibodies with the targeted antigens is of major interest

especially for the IIM specific entities. A deeper understanding
on the mechanisms behind the induction of the respective

immune response as well as on the potential role of the targeted
antigens in IIM can improve our insight into the pathogenesis
of disease.
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Neuroinflammation in uteromay result in lifelong neurological disabilities. Astrocytes play

a pivotal role in this process, but the mechanisms are poorly understood. No early

postnatal treatment strategies exist to enhance neuroprotective potential of astrocytes.

We hypothesized that agonism on α7 nicotinic acetylcholine receptor (α7nAChR) in fetal

astrocytes will augment their neuroprotective transcriptome profile, while the inhibition

of α7nAChR will achieve the opposite. Using an in vivo–in vitro model of developmental

programming of neuroinflammation induced by lipopolysaccharide (LPS), we validated

this hypothesis in primary fetal sheep astrocytes cultures re-exposed to LPS in the

presence of a selective α7nAChR agonist or antagonist. Our RNAseq findings show that a

pro-inflammatory astrocyte transcriptome phenotype acquired in vitro by LPS stimulation

is reversed with α7nAChR agonistic stimulation. Conversely, α7nAChR inhibition

potentiates the pro-inflammatory astrocytic transcriptome phenotype. Furthermore,

we conducted a secondary transcriptome analysis against the identical α7nAChR

experiments in fetal sheep primary microglia cultures. Similar to findings in fetal microglia,

in fetal astrocytes we observed a memory effect of in vivo exposure to inflammation,

expressed in a perturbation of the iron homeostasis signaling pathway (hemoxygenase

1, HMOX1), which persisted under pre-treatment with α7nAChR antagonist but was

reversed with α7nAChR agonist. For both glia cell types, common pathways activated

due to LPS included neuroinflammation signaling and NF-κB signaling in some, but not

all comparisons. However, overall, the overlap on the level of signaling pathways was
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rather minimal. Astrocytes, not microglia—the primary immune cells of the brain, were

characterized by unique inhibition patterns of STAT3 pathway due to agonistic stimulation

of α7nAChR prior to LPS exposure. Lastly, we discuss the implications of our findings for

fetal and postnatal brain development.

Keywords: neuroinflammation, LPS, CHRNA7, RNAseq, astrocyte, microglia, infection, fetal programming

INTRODUCTION

Glial cells (astrocytes and microglia) play a role in
neuroinflammation and both cell types acquire a specific
reactive phenotype when stimulated by lipopolysaccharide (LPS)
(1). Activation of glial cells may lead to neuronal cell death.
Activation of nicotinic α7 receptors (α7nAChR) suppresses the
LPS-induced reactive phenotype of microglia and astrocytes
and thus counteracts the deleterious effect regarding neuronal
viability (2–8).

In the periphery the efferent fibers of the Vagus nerve
activate α7nAChR on effector cells and inhibit inflammation (9).
In the brain, fibers arising from the Nucleus tractus solitarii
spread into both hemispheres and their activation may lead
to a widespread central anti-inflammatory effect (5, 10, 11).
It is currently insufficiently tested if this is also true for the
fetal brain.

In a previous experiment we investigated the effect of
α7nAChR stimulation on LPS-induced microglia-activation in
a double hit model of sheep fetal microglia. In the current
experiment, we extended this investigation to study the role
of α7nAChR in fetal sheep astrocytes. These experiments
may help to shed light on neurodevelopmental disorders such
as autism spectrum disorder (ASD) or schizophrenia, that
are thought to involve neuroinflammation during the fetal
period (12, 13).

We hypothesized that (1) under exposure to LPS, α7nAChR
agonist stimulation in fetal astrocytes augments their
neuroprotective profile, while the inhibition reduces it; (2)
a LPS double-hit (first in vivo, then in vitro) on astrocytes
exacerbates these effects similar to microglia as demonstrated
before. Using an in vivo—in vitro fetal sheep model (14), we
validate these hypotheses via RNASeq analysis in primary fetal
astrocyte cultures exposed to LPS in the presence of a selective
α7nAChR agonist or antagonist. We compare these findings
to the previously published results in identically conducted
microglia experiments (3, 15).

METHODS

Study Approval
This study was carried out in strict accordance with the
recommendations in the Guide for the Care and Use of
Laboratory Animals of the National Institutes of Health. The
respective in vivo and in vitro protocols were approved by
the Committee on the Ethics of Animal Experiments of the
Université de Montréal (Permit Number: 10-Rech-1560).

Anesthesia and Surgical Procedure
The detailed protocol has been presented elsewhere (3). Briefly,
we instrumented pregnant time-dated ewes at 126 days of
gestation (dGA, ∼0.86 gestation) with arterial, venous and
amniotic catheters and ECG electrodes. Ovine singleton fetuses
of mixed breed were surgically instrumented with sterile
technique under general anesthesia (both ewe and fetus). In
case of twin pregnancy the larger fetus was chosen based on
palpating and estimating the intertemporal diameter. The total
duration of the procedure was approximately 2 h. Antibiotics
were administered to the mother intravenously (trimethoprim
sulfadoxine 5 mg/kg body weight) as well as to the fetus
intravenously and into the amniotic cavity (ampicillin 250mg).
Amniotic fluid lost during surgery was replaced with warm saline.
The catheters exteriorized through the maternal flank were
secured to the back of the ewe in a plastic pouch. For the duration
of the experiment the ewe was returned to a metabolic cage,
where she could stand, lie and eat ad libitum while we monitored
the non-anesthetized fetus without sedating the mother. During
postoperative recovery antibiotic administration was continued
for 3 days. Arterial blood was sampled for evaluation of maternal
and fetal condition and catheters were flushed with heparinized
saline to maintain patency.

In vivo Experimental Protocol
Postoperatively, all animals were allowed 3 days to recover before
starting the experiments. On these 3 days, at 9.00 am 3mL
arterial plasma sample were taken for blood gasses and cytokine
analysis. Each experiment commenced at 9.00 am with a 1 h
baseline measurement followed by the respective intervention as
outlined below. FHR and arterial blood pressure were monitored
continuously (CED, Cambridge, UK, and NeuroLog, Digitimer,
Hertfordshire, UK). Blood samples (3mL) were taken for arterial
blood gases, lactate, glucose, and base excess (ABL800Flex,
Radiometer) and cytokines at the time points 0 (baseline),
+1 (i.e., after LPS administration), +3, +6, +24, +48, and
+54 h (i.e., before sacrifice at day 3). For the cytokine analysis,
plasma was spun at 4◦C (4min, 4,000 g, Eppendorf 5804R,
Mississauga, ON), decanted and stored at −80◦C for subsequent
ELISAs. After the +54 h (Day 3) sampling, the animals were
sacrificed with an overdose of barbiturate (30mg pentobarbital
sodium, Fatal-Plus; Vortech Pharmaceuticals, Dearborn,MI) and
a post mortem was carried out during which fetal gender and
weight were determined. The fetal brain was then perfusion-
fixed with 250mL of cold saline followed by 250mL of 4%
paraformaldehyde and processed for histochemical analysis or
dissected for cell culture (details see in vitro astrocytes culture
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paragraph). Fetal growth was assessed by body, brain, liver, and
maternal weights.

Astrocytes Isolation and Purification
Briefly, fetal sheep brain tissues were obtained during sheep
necropsy after completion of the in vivo experiment to conduct
the in vitro study (Figure 1). In the in vivo experiments, three
in utero instrumented fetal sheep were treated intravenously with
LPS (400 ng/fetus/day) derived from E. coli (Sigma Cat. no L5293,
E. coli O111:B4, ready-made stock solution at a concentration of
1 mg/ml) on experimental days 1 and 2 at 10:00 am to mimic
high levels of endotoxin in fetal circulation (so-called first LPS
exposure or first hit). Three in utero instrumented fetal sheep
were used as control receiving sterile saline. The instrumented
fetuses were referred to as primary fetuses. In case of twins, twin
fetuses were not instrumented, and their brains directly used
for subsequent cell culture. Fetuses not exposed to LPS, either
primary or twins, were designated “naïve” (no LPS exposure in
vivo). Instrumented animals that received LPS in vivo were used
for second hit LPS exposure in vitro.

Astrocytes are the major adherent cell population in flask.
Astrocytes were purified by passage into a new T75 flask
for 4–5 times before any manipulations and treatments. After
floating microglia collection, the adherent cells were detached by
trypsinization (Trypsine 0.25% + EDTA 0.1%, Wisent Cat. No
325-043-EL) and re-plated into a new flask. Cells were cultured
for another 7 days with 10% ready-to-use medium [DMEM plus
1% penicillin/streptomycin, 1% glutamine, in addition with 10%
heat-inactivated fetal bovine serum (Gibco, CanadaOrigin)]. The
cell passage procedure took 4–5 weeks until purified astrocytes
could be used for the in vitro experiment. The cell culture
conditions were 37◦C, 5% CO2.

Pure astrocytes were plated into a 24-well plate at 1 × 105

cells/mL with 10% DMEM for another 7 days, and then treated
with LPS or saline for 6 h.

Cell-conditioned media were collected for cytokine analysis.
To verify astrocytes purity, a portion of cells was plated
into Lab-Tek 8 well chamber glass slide (Thermo Scientific)
for immunocytochemistry (ICC) analysis. Glial fibrillary acidic
protein (GFAP) was used as an astrocyte marker; cells were
counterstained with Hoechst (15).

Astrocyte Cell Culture and Treatment
Prior to exposure to LPS (Sigma Cat. no L5024, E. coli O127:B8)
at a concentration of 100 ng/ul, cells were pretreated for 1 h with
either 10 nM AR-R17779 hydrochloride (Tocris Bioscience Cat#
3964), a selective α7nAChR agonist, or 100 nM α-Bungarotoxin
(Tocris Bioscience Cat# 2133), a selective α7nAChR antagonist.
Optimal dose of AR-R17779 (A) or α-Bungarotoxin (B) was
chosen based on a dose-response experiment with LPS. We have
tested 0, 10, 100, and 1,000 nM of α-Bungarotoxin and 0, 1, 10,
and 100 nM of AR-R17779 in the absence or presence of 100
ng/ul LPS, and measured IL-1β concentrations in cultured media
as the endpoint. The 100 nM α-Bungarotoxin and 10 nM AR-
R17779 were chosen because the cells responded in a linear range
as indicated by IL-1β production.

AR-R17779 was reconstituted in DMSO as stock solution,
serial dilutions were made to prepare the working stock; to obtain
10 nM AR-R17779 in concentration per well, 5 ul working stock
was added well by well containing 500 ul media; only DMSO
was added in control well, therefore, the DMSO concentration
per well was 1%. α-Bungarotoxin was reconstituted with culture
media into a stock solution and underwent serial dilutions.

In a complete cell culture experiment, we had four
experimental groups: Control (naïve control), LPS100 (naïve
LPS), LPS100+B100 (naïve LPS+B) and LPS100+A10 (naïve
LPS+A). Second hit cell cultures were designed with the same
pattern and divided into four experimental groups: Control
(SHC), LPS100, LPS100+B100 and LPS100+A10.

Measurement of the Cytokine IL-1β in Cell

Culture Media
The approach is described elsewhere (14, 16). Briefly, IL-1β
concentrations in cell culture media was determined by using
an ovine-specific sandwich ELISA. Ninety-six-well plates were
pre-coated with the mouse anti sheep monoclonal antibodies
(IL-1β, MCA1658, Bio Rad AbD Serotec) at a concentration
of 4µg/ml on an ELISA plate at 4◦C overnight. After 3 times
wash with washing buffer (0.05% Tween 20 in PBS, PBST),
plates were blocked for 1h with 1% BSA in PBST for plasma
samples or 10% FBS for cell culture media. Recombinant sheep
proteins (IL-1β, Protein Express Cat. no 968-405) were used
as ELISA standard. All standards and samples were run in
duplicate (50µl per well). Rabbit anti-sheep polyclonal antibodies
(IL-1β, AHP423, Bio Rad AbD Serotec) at a concentration of
4µg/ml were applied in wells and incubated for 30min at
room temperature. Plates were washed with washing buffer
for 5–7 times between each step. Detection was accomplished
by assessing the conjugated enzyme activity (goat anti-rabbit
IgG-HRP, dilution 1:5000, Jackson ImmunoResearch, Cat. No
111-035-144) via incubation with TMB substrate solution (BD
OptEIA TMB substrate Reagent Set, BD Biosciences Cat. No
555214); color development reaction was stopped with 2N
sulphuric acid. Plates were read on an ELISA plate reader at
450 nm, with 570 nm wavelength correction (EnVision 2104
Multilabel Reader, Perkin Elmer). The sensitivity of IL-1β ELISA
was 41.3 pg/ml. The intra-assay and inter-assay coefficients of
variance were <5 and <10%, respectively.

RNAseq Approach
Nine replicates of astrocyte culture were studied, with one
control and three treatment groups (Ctrl, LPS100, LPS+A10,
LPS+B100) per replicate. Four replicates were used for
RNAseq based on the RNA quality, of which 3 replicates
of naive, one replicate of second-hit, with one treatment
missing in this second-hit replicate (agonist treatment),
fifteen samples in total were assessed with RNAseq in this
study (Table 1).

RNA Extraction and Quantification
We used Qiagen RNeasy Mini Kit (Cat no 74104) for RNA
extraction. RNA quantity and quality (RNA integrity number,
RIN) was established by using a RNA Nano Chip (Agilent
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FIGURE 1 | Experimental design of modulating glial α7nAChR signaling in a double-hit fetal sheep model. In vivo, in vitro, and RNAseq experiments are illustrated. In

vivo study includes Control (saline) or LPS-exposed sheep fetuses. LPS was administered intravenously to the instrumented fetus at 400 ng/fetus/day for two

consecutive days 24 h apart, so-called first hit, inducing fetal inflammatory response with rising IL-6, but without cardiovascular component. For the in vitro study,

cultured cells (microglia or astrocytes) were derived from an in vivo Control animal, named Naïve, or from an in vivo LPS-exposed animal, named second hit (SH).

There were 8 experimental groups: naïve Control (NC, vehicle in vivo, vehicle in vitro), naïve LPS (NL, sham in reference to α7nAChR manipulation), naïve exposed to

α-Bungarotoxin (NB, i.e., α7nAChR inhibition, preincubated followed by LPS exposure), naïve exposed to AR-R17779 (NA, i.e., α7nAChR stimulation, preincubated

followed by LPS exposure), and each respective second-hit groups (SH, LPS in vivo). Reproduced with permission (16).

TABLE 1 | Sample inventory for RNAseq study in astrocytes samples.

Biological replicates Serial# Sample Treatment LPS hit

number

Naïve R1 1 4414T1 Ctrl 0

2 4414T1 LPS100 1

3 4414T1 LPS100+B100 1

4 4414T1 LPS100+A10 1

Naïve R2 5 4414T2 Ctrl 0

6 4414T2 LPS100 1

7 4414T2 LPS100+B100 1

8 4414T2 LPS100+A10 1

Naïve R3 9 4502P Ctrl 0

10 4502P LPS100 1

11 4502P LPS100+B100 1

12 4502P LPS100+A10 1

Second hit R1 13 711P Ctrl 1

14 711P LPS100 2

15 711P LPS100+B100 2

Four replicates were used for RNAseq, with one control and three treatment groups

(Ctrl, LPS100, LPS100+A10, LPS100+B100) per replicate. There were 3 replicates of

naïve, one replicate of second-hit, with one treatment missing in this second-hit replicate

(second-hit + Agonist), fifteen samples in total were assessed with RNAseq in this study.

The instrumented fetuses were designated as primary fetus, identified as animal ID+P

(stands for primary), whereas animal ID+T stands for non-instrumented twins.

RNA 6000 Nano Chips) with Agilent 2,100 BioAnalyzer.
All samples had an acceptable RIN value ranging from
8.4 to 9.6. A total of 12 naïve astrocyte cultures from
four sets of replicates was selected for RNA sequencing
at high throughput, as well as three second hit astrocyte
cultures (Table 1).

RNAseq libraries were prepared using the TruSeq stranded
mRNA kit (Illumina cat #20020594) and quality control was
performed on the Agilent TapeStation and using the KAPA
SYBRFAST qPCR kit (Kapa Biosystems, Roche). Single read
100-bp sequencing was performed in rapid mode on a HiSeq
2,500 (Illumina Inc.) at the University of Washington Northwest
Clinical Genomics Lab (Department of Pathology).

RNAseq Data Analyses
Astrocytes
The goal for this analysis was to compare the single hit LPS
treated samples to Control, as well as making comparisons
between the LPS treated samples (e.g., testing for changes due to
the additional agonist or antagonist pre-treatment). The second
hit samples had no replicates, so we could only make the
directed comparisons between the single and second hit samples.
For example, comparing the single and second hit LPS treated
samples, as before (3).

We aligned the reads to the Oar_v3.1 transcriptome using the
salmon aligner (17), which infers the most likely transcript for
each read using a quasi-mapping algorithm. We then “collapsed”
the transcript read counts to the gene level by summing up the
reads for each gene’s transcripts, using the Bioconductor tximport
package (18). In the end, we had a set of read counts per gene, for
each sample.

Four replicates were used for RNAseq, with one control
and three treatment groups Ctrl, LPS, LPS+A10, LPS+B100)
per replicate. There were 3 replicates of naïve, one replicate
of second-hit, with one treatment missing in this second-
hit replicate (second-hit + agonist, SHA), fifteen samples in
total were assessed with RNAseq in this study (Table 1). The
instrumented fetuses were designated as primary fetus, identified
as animal ID+P (stands for primary), whereas animal ID+T
stands for non-instrumented twins.

To compare astrocytes transcriptomes, we used the
Bioconductor edgeR package (19), to fit a generalized linear
model with a negative binomial link function, and made
comparisons between groups using quasi-likelihood F-tests.

We fitted the model described above, including the treatment
effect for each animal, and made the comparisons, incorporating
a fold change criterion into the test. In other words, the
conventional test for a difference is between the null hypothesis
H0 : β = 0 vs. the alternative hypothesis HA : β 6= 0, but this
may include very small changes that are likely to be biologically
meaningless. One alternative to exclude such genes is to use a
post hoc fold change adjustment, where we select genes based
on the observed fold change between groups. This is problematic
because we ignore the imprecision in our estimate of fold change.
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A better method is to incorporate the fold change into our
inference, where we test H0 : β ≤ |c| against the alternative HA :
β ≥ |c|, for some constant fold change. By doing this, we are
testing to see if we have evidence that the underlying population
differences are larger than a given fold change, rather than simply
testing that our sample data fulfill those criteria. We used a 1.5-
fold change, and a false discovery rate (FDR) of 0.05 as criteria to
define significantly differentially expressed genes, meaning that
we expect that there are, at most, 5% false positives in our set of
significant genes.

Microglia—Astrocytes Transcriptome Comparisons
We also made comparisons to the existing RNAseq data that
our lab generated using primary cultures of fetal sheep microglia
from the identical experimental design in three biological
replicates. This data has been published and the data set is
accessible online (14).

We downloaded the FASTQ data from SRA and processed
using the same salmon/tximport pipeline we used for the
astrocyte samples. The only difference was in the modeling
step, where we converted the count data to log counts/million
and estimated observation-level weights using the limma voom
function. We also computed sample-specific weights that are
intended to down-weight any samples that are not very similar
to other samples of the same type. We then fit a conventional
weighted linear model and made empirical Bayes adjusted
contrasts between various groups. By incorporating sample-
specific weights we were able to account for a single sample
(LPS100 treated animal 4414T), which had significantly fewer
reads, perhaps due to some technical problems.

Venn Diagrams
We sought to learn which genes are unique to a given
comparison, and which are shared between two or more of
those comparisons. Thus, we generated Venn diagrams for three
sets of comparisons. We made a Venn diagram for the three
comparisons of treated vs. control, a two-way Venn diagram of
the agonist + LPS vs. either LPS alone or LPS plus antagonist
(this shows that there is very little difference between LPS and
LPS plus antagonist), and finally we made a Venn diagram of
the one-hit vs. two-hit for all three treatments. The genes in
any intersection between comparisons had to be significantly
differentially expressed in both (or all three, depending on the
intersection) of the comparisons. In addition, the direction of
change had to be the same as well. For example, if a given
gene was differentially expressed in LPS100 vs. control and
LPS100+A10 vs. control, and it is either up or down-regulated
in both comparisons as well, then it was listed in the intersection
between those two comparisons. If it was significant in both
comparisons, but was up-regulated in one comparison, but
down-regulated in the other, then it was listed in the unique
portion of the Venn diagram for each comparison.

Statistical Analyses and Data Repository
Generalized estimating equations (GEE) modeling approach was
used to assess the effects of LPS and drug treatments on IL-1β.
We used a linear scale response model with LPS/drug treatment

TABLE 2 | Astrocytes IL-1β secretion expressed as absolute values* in pg/ml

(median and 25–75%).

LPS exposure Ctrl LPS B100 A10

Single hit 1 (1,25) 429 (358,1034) 336 (285,928) 750 (439,1495)

Second hit 1 (1,1) 16 (15,16) 20 (17,22) 99 (95, 103)

*Values set to 1 where no signal was detected by the cytokine assay to compute

fold-changes for Figure 2.

group (main term “treatment”) and presence or absence of
second hit exposure (main term “hit”) as predicting factors
to assess their interactions using maximum likelihood estimate
and Type III analysis with Wald Chi-square statistic. SPSS
Version 25 was used for these analyses (IBM SPSS Statistics,
IBM Corporation, Armonk, NY). Significance was assumed for
p < 0.05. Results are provided as median {25–75} percentiles.
Not all measurements were obtained for each animal studied,
as indicated.

Ingenuity Pathway Analysis (IPA, Qiagen, 2019) was used for
identification of signaling pathways unique to each treatment.

The raw RNAseq data has been deposited under GEO
accession number GSE123713. The analytical pipeline to allow
reproduction of this analysis, in the form of a Rmarkdown
document, will be made available upon request. Statistics
from all comparisons (t-statistics, log fold changes, FDR
values, dynamically linked Venn diagrams) can be found in
supplemental document under the doi: 10.5281/zenodo.2609202.

RESULTS AND DISCUSSION

Cytokine Secretion Profile
The fetal in vivo exposure to LPS resulted in a rise of IL-6 as
reported (14, 16).

The absolute values of IL-1β produced by naive (first hit)
and second hit astrocytes at baseline, under LPS exposure and
with preceding agonist or antagonist incubation are presented in
Table 2. As reported, LPS treatment induced IL-1β increase in
astrocytes (14). There was no difference in first and second hit
astrocytes at baseline or when exposed to LPS alone. Our focus
here was on the effect of α7nAChR modulation on LPS-triggered
IL-1β production. Consequently, we expressed the data as fold-
changes compared to sham treatment (LPS, Figure 2, LEFT). We
present the response of primary microglia cultures side-by-side
(Figure 2, RIGHT) in form of re-analysis of previously published
data (3).

For astrocytes, the main terms “hit” and “treatment”
as well as their interaction were significant (all p<0.001).
Agonistic stimulation of the α7nAChR appeared, surprisingly,
to result in a relative increase of IL-1β concentration, further
potentiated in second hit astrocytes. This effect was absent
in first hit astrocytes cultures treated with the α7nAChR
antagonist and less pronounced but present in the second
hit cultures.

For microglia, the main terms “hit” and “treatment” were not
significant (p = 0.716 and p = 0.666, respectively), but their
interaction was significant [p= 0.026, cf. Figure 1 in (3)].
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FIGURE 2 | (Left) IL-1β secretion in ovine primary astrocyte cultures in response to 6 h LPS exposure without or with pre-incubation with α7nAChR antagonist (B100)

or agonist (A10) for 1 h. Single hit, in vitro only LPS exposure; second hit, in vivo systemic and subsequent in vitro LPS exposure 4 to 5 weeks later. Y axis shows fold

changes in IL-1β in relation to the levels of sham treatment (LPS). Generalized estimating equations (GEE) modeling results are presented in text and no significance

marks are provided in the figure. For both box plots, an asterisk represents an extreme outlier (a value more than 3 times the interquartile range from a quartile). A

circle marks outlier with values between 1.5 and 3 box lengths from the upper or lower edge of the box. Briefly, we found significant main term effects (p = 0.019)

“treatment” (LPS and α7nAChR drug) as well as main term “hit” (p = 0.010), i.e., the contribution of in vivo LPS exposure, the second hit effect on the IL-1β secretion

profile. Results are provided as median {25–75} percentiles. (Right) Identical experimental results from microglia studies are presented for comparison. The main

terms “hit” and “treatment” were not significant (p = 0.716 and p = 0.666, respectively), but their interaction was significant (p = 0.026, cf. Figure 1 in (3) where the

original results have been published.

The overall pattern of IL-1β levels in response to LPS exposure
with prior α7nAChR stimulation was inverted in astrocytes
compared to microglia. In astrocytes, both first hit and second
hit cell cultures responded under inhibition of α7nAChR with
relative decrease of IL-1β production. In microglia, in contrast,
first hit (naive) cultures behaved intuitively under the same
conditions, showing a rise in IL-1β production. However, second
hit microglia cultures, similar to second hit astrocytes, showed a
drop in IL-1β production with α7nAChR inhibition. In contrast
again, agonistic α7nAChR stimulation in both second hit glia
cultures resulted in higher than first hit IL-1β production, albeit,
the magnitude of this rise was ∼3.5-fold larger in astrocytes
suggesting differences in sensitization of these glia cells to
previous LPS exposure in utero. These counter-intuitive findings
of α7nAChR stimulation in astrocytes on the individual IL-1β
secretion stand in contrast to the transcriptome-level findings
we discuss below. We attempt to tie together these results in the
general discussion section.

Whole Transcriptome Analysis
Mapped reads aligned to any transcript from the Oar_v3.1
transcriptome at 66% which is good. Principal component
analysis (PCA) showed large differences between the different
treatment groups, and much smaller differences within each
group, indicating that we have a good signal with likely many
differentially expressed genes (DEG) to be found (Figure 3).

We present in Table 3 the number of genes for each
comparison as well as the top ten signaling pathways IPA
identified. The results of the analysis on the entire data set are
also accessible with search function via this repository.

PCA showed two transcriptome clusters (Figure 3):
1) Control, LPS single-hit and second-hit astrocytes pre-

treated with α7nAChR agonist and
2) LPS single-hit and second-hit astrocytes pre-treated with

α7nAChR antagonist.
That is, a pro-inflammatory transcriptome astrocyte phenotype
acquired in vivo or in vitro by LPS stimulation is reversed

FIGURE 3 | Static 3D plot of the astrocyte RNAseq data with single and

double-hit LPS treatment. The angle of the plot was chosen to give the best

viewpoint to show differences between the sample types. Note that controls

and α7nAChR agonistically pre-treated astrocytes cluster together and

separately from those exposed to LPS w/o or with antagonistic α7nAChR

pre-treatment. Note here that there are three of the LPS_100_1_hit samples in

the plot shown in this figure; it just so happens that the third sample is

obscured by the uppermost LPS+B100_1_hit sample.

with α7nAChR agonistic stimulation. Conversely, α7nAChR
inhibition potentiates the pro-inflammatory astrocytic
phenotype. The PCA level observations are substantiated
further by the IPA analysis of key signaling pathways presented
in Table 3. The visualization of the up or down regulation of the
implicated pathways can be accessed on GitHub in its entirety.
Here we focus on some key findings in top 10 signaling pathways.
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TABLE 3 | Ingenuity Pathway Analysis of differentially expressed genes from the fetal sheep astrocytes whole transcriptome analysis: naïve and second hit astrocytes

after modulation of α7nAChR signaling.

comparison # genes Top 10 signaling pathways -log(p-value)

Single hit: LPS100 vs. Control 1835 NF-κB Signaling 15.8

Role of Pattern Recognition Receptors in Recognition of Bacteria & Viruses 14

Role of Macrophages, Fibroblasts and Endothelial Cells in Rheumatoid Arthritis 13.7

Dendritic Cell Maturation 13

Neuroinflammation Signaling Pathway 12.8

Role of IL-17A in Arthritis 12.2

Activation of IRF by Cytosolic Pattern Recognition Receptors 11.6

Death Receptor Signaling 11.3

Th1 and Th2 Activation Pathway 10.7

TREM1 Signaling 10.5

Single hit: LPS100+A10 vs. Control 1725 NF-κB Signaling 14.7

Role of Macrophages, Fibroblasts and Endothelial Cells in Rheumatoid Arthritis 13.7

Role of Osteoblasts, Osteoclasts and Chondrocytes in Rheumatoid Arthritis 13.1

Granulocyte Adhesion and Diapedesis 12.7

Role of Pattern Recognition Receptors in Recognition of Bacteria and Viruses 12.5

Hepatic Cholestasis 12.5

Toll-like Receptor Signaling 11.7

Axonal Guidance Signaling 11.5

IL-10 Signaling 11.1

Neuroinflammation Signaling Pathway 10.7

Single hit: LPS100+B100 vs. Control 1744 NF-κB Signaling 16.8

Role of Macrophages, Fibroblasts and Endothelial Cells in Rheumatoid Arthritis 16

Dendritic Cell Maturation 15.9

Neuroinflammation Signaling Pathway 15

Role of Pattern Recognition Receptors in Recognition of Bacteria & Viruses 14.8

TREM1 Signaling 12.8

Role of IL-17A in Arthritis 12.7

T Cell Exhaustion Signaling Pathway 11.9

Toll-like Receptor Signaling 11.8

PI3K Signaling in B Lymphocytes 11.6

Single hit: LPS100+A10 vs. LPS100 273 Granulocyte Adhesion and Diapedesis 6.23

Pathogenesis of Multiple Sclerosis 5.81

Agranulocyte Adhesion and Diapedesis 5.12

Th1 and Th2 Activation Pathway 4.45

Th2 Pathway 4.4

LPS/IL-1 Mediated Inhibition of RXR Function 3.81

NF-κB Signaling 3.71

Role of Osteoblasts, Osteoclasts and Chondrocytes in Rheumatoid Arthritis 3.63

Inhibition of Angiogenesis by TSP1 3.33

STAT3 Pathway 3.25

Single hit: LPS100+B100 vs. LPS100 0

Single hit: 292 Granulocyte Adhesion and Diapedesis 5.25

LPS100+A10 vs. LPS100+B100 Agranulocyte Adhesion and Diapedesis 4.99

LPS/IL-1 Mediated Inhibition of RXR Function 4.38

Hepatic Fibrosis / Hepatic Stellate Cell Activation 4.35

NF-κB Signaling 4.33

Role of Osteoblasts, Osteoclasts and Chondrocytes in Rheumatoid Arthritis 4.18

Pathogenesis of Multiple Sclerosis 3.97

STAT3 Pathway 3.94

p53 Signaling 3.57

Sirtuin Signaling Pathway 3.36

(Continued)
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TABLE 3 | Continued

comparison # genes Top 10 signaling pathways -log(p-value)

LPS100: single hit vs. second hit 3761 Hepatic Fibrosis / Hepatic Stellate Cell Activation 10.7

Fcγ Receptor-mediated Phagocytosis in Macrophages and Monocytes 7.69

Leukocyte Extravasation Signaling 6.82

Signaling by Rho Family GTPases 6.16

Iron homeostasis signaling pathway 6.02

LXR/RXR Activation 5.36

Epithelial Adherens Junction Signaling 4.99

Role of Osteoblasts, Osteoclasts and Chondrocytes in Rheumatoid Arthritis 4.96

Axonal Guidance Signaling 4.91

Tec Kinase Signaling 4.82

LPS100+A10: single hit vs. second hit 3307 Hepatic Fibrosis / Hepatic Stellate Cell Activation 13

Leukocyte Extravasation Signaling 8.79

Neuroinflammation Signaling Pathway 7.18

Fcγ Receptor-mediated Phagocytosis in Macrophages and Monocytes 6.99

Axonal Guidance Signaling 6.93

Phagosome Formation 6.85

Role of Pattern Recognition Receptors in Recognition of Bacteria and Viruses 6.67

Agranulocyte Adhesion and Diapedesis 6.24

GP6 Signaling Pathway 6.1

Granulocyte Adhesion and Diapedesis 5.92

LPS100+B100: single hit vs. second hit 3860 Hepatic Fibrosis / Hepatic Stellate Cell Activation 8.89

Fcγ Receptor-mediated Phagocytosis in Macrophages and Monocytes 8.03

Leukocyte Extravasation Signaling 7.26

Epithelial Adherens Junction Signaling 5.94

Iron homeostasis signaling pathway 5.78

Signaling by Rho Family GTPases 5.51

Axonal Guidance Signaling 5.18

Endothelin-1 Signaling 5.04

Role of Macrophages, Fibroblasts and Endothelial Cells in Rheumatoid Arthritis 5.01

Phagosome Formation 4.99

Differential analysis of count data was done with the Bioconductor limma package. Differentially expressed genes were selected, based on a 1.5-fold change and an FDR < 0.05. Up

regulation and down regulation represent positive and negative log2 fold changes, respectively. For details on “raw gene” level, see our GitHub repository or directly here. Bold font

highlights pathways common with microglia.

Orange: positive z-score; blue: negative z-score. For further details as raw data and visualized activity patterns see GitHub.

Significant genes in astrocytes cultures at an FDR < 0.05 and a 1.5-fold change sorted on log(p-value).

LPS treatment triggered activation of pro-inflammatory signaling
pathways NF-κB and neuroinflammation. Compared to LPS
exposure alone, pretreatment with α7nAChR agonist reversed
both signaling pathways activation. Conversely, pretreatment
with α7nAChR antagonist up regulated these pro-inflammatory
pathways. Albeit the pattern overall was similar to the effect
of LPS alone, activation of these signaling pathways under
α7nAChR blockade stood out: Toll-like receptor signaling
and PI3K signaling. Direct comparison of α7nAChR agonistic
stimulation or inhibition yielded reduced activity of NF-κB and
STAT3 pathways due to activation of α7nAChR, consistent with
the expected intracellular anti-inflammatory effect of α7nAChR
agonism. Another notable pathway activated in α7nAChR
agonistically treated astrocytes was the Sirtuin signaling.
Activation of this pathway in neurons and astrocytes has been
implicated in AMPK-dependent neuroprotection from ischemic
stroke (20, 21). Adenosine monophosphate kinase (AMPK) is a

rapid key regulator of neuronal energy homeostasis implicated
in fetal neuroinflammation (22).

The second half of Table 3 documents some effects of
astrocytes memory of LPS exposure in vivo when re-exposed
in vitro (second hit effect). For comparison to microglial
activity, see Table 4. Notably, we found a perturbation of the
iron homeostasis signaling pathway in second hit LPS treated
astrocytes which persisted under pre-treatment with α7nAChR
antagonist but was reversed with α7nAChR agonist. Similar
to our finding of second hit signature in microglia, here we
observed hemoxygenase (HMOX)1 gene down regulation in
second hit astrocytes compared to first hit cultures (3, 15).
HMOX1 is a key gene of iron homeostasis. We observed a similar
phenomenon in second hit fetal microglia compared to single hit
microglia (15).

Together, observations on Sirtuin and iron homeostasis
signaling reinforce the previously reported dual role of energy
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FIGURE 4 | (Top) PCA plot of microglia and astrocyte samples. Here we can

see that astrocytes and microglia separate on the first principal component,

and the second principal component captures the LPS treatment differences.

The third principal component captures some intra-treatment variability for the

microglia samples, particularly for one of the LPS treated microglia samples.

(Bottom) PCA plot of microglia and astrocyte samples, showing just the first

two principal components. The largest differences appear to be between the

cell types.

metabolism in determining inflammatory phenotype in glia
cells (3, 15).

Based on the IPA analysis within the Venn diagrams,
the top down-regulated signaling pathway unique to LPS
treatment was Ephrin A signaling [log(p-value) 3.21,
Table 5]. Analysis of genes unique to α7nAChR agonist
treatment showed a reduction of this down-regulation [log(p-
value)1.58, Table 5]. Analysis of genes unique to α7nAChR
antagonist treatment had no significant effect on this signaling
pathway (Table 5). Ephrin signaling has been implicated in
neuroprotective astrocyte phenotype (23). Our findings suggest
a neuroprotective effect of α7nAChR agonism on ephrin
signaling pathway.

Consistent with the notion of cholinergic signaling involved in
stress axis regulation (3), POMCwas the second (by IPA ranking)

highest up-regulated gene under cholinergic agonist treatment,
with a log ratio of 3.388 (Cf. GitHub repository).

Comparison to Fetal Sheep Microglial

Transcriptome
PCA in Figure 4 (top) shows that the main differences between
astrocytes and microglia RNAseq data are captured on the first
two principal components, so a 2D plot may be more useful
(Figure 4, bottom). The intra-group variability is smaller for the
astrocytes compared to the microglia. This may have to do with
the total library sizes: there were several microglia samples with
very few reads that aligned to any known transcript.

We compared the IPA-identified top signaling pathways in
microglia and astrocytes under the LPS and α7nAChR signaling
manipulation. Table 4 presents the number of genes for each
comparison and the corresponding findings of the IPA signaling
pathway analysis. Overall, the response patterns to LPS and
modulation of α7nAChR signaling were similar between the two
glia cell types. The signaling pathways common to both astrocytes
and microglia are bolded in Tables 3, 4. Intuitively, common
pathways activated due to LPS included neuroinflammation
signaling and NF-κB signaling in some, but not all comparisons.
However, overall, the overlap on the level of signaling pathway
was rather minimal which may explain the strong separation by
cell type on PCA. It is remarkable that astrocytes, not microglia—
the primary immune cells of the brain, were characterized by
unique inhibition patterns of STAT3 pathway due to agonistic
stimulation of α7nAChR prior to LPS exposure.

The presented astrocytes—microglia comparison has
limitations. The differences between the two cell types may
be exaggerated by the inevitable technical differences (e.g.,
reagents). However, all these experiments were run from the
same cohort, same animals (in some cases), at adjacent times and
by the same people.

Do Fetal Neuroinflammation and Stress

Mediate an Increased Risk for Autism

Spectrum Disorder?
LPS effects on key genes involved in stress axis activity raised
the question about the poorly understood role of astrocytes in
the signaling pathways of neuroinflammation and prenatal stress
(PS) (24).

Indeed, PS is accompanied by inflammation in themother and
offspring (24–29). Both, PS and fetal neuroinflammation have
been implicated in the etiology of ASD (30, 31). PS increases
expression of glutamate (Glu) transporter vGluT1 (SLC17A7)
resulting in higher levels of GLT1 (32, 33).

Here, we sought to verify if the exposure of fetal astrocytes
to LPS induces upregulation of Glu transporters in glia akin to
PS (32, 33).

Given the known relationship between PS and VGLUT1
expression, we used IPA to annotate VGLUT1 gene network
with our findings to test for evidence that the network
is being perturbed by LPS treatment. Across all treatment
comparisons, two DEGs were identified in astrocytes (common
to all comparisons): JAK2 (2.732 (log ratio) upregulated, FDR
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TABLE 4 | Ingenuity Pathway Analysis of differentially expressed genes from the fetal sheep microglia whole transcriptomes analysis.

Comparison # genes Top 10 signaling pathways -log(p-value)

LPS100 vs. Control 1779 Role of Macrophages, Fibroblasts and Endothelial Cells in Rheumatoid Arthritis 16.7

Dendritic Cell Maturation 12.9

iNOS Signaling 12.6

Role of IL-17A in Arthritis 12.5

IL-10 Signaling 11.8

Role of Tissue Factor in Cancer 11.6

Production of Nitric Oxide and Reactive Oxygen Species in Macrophages 11.1

Neuroinflammation Signaling Pathway 10.9

Toll-like Receptor Signaling 10.7

CD40 Signaling 10

LPS100+A10 vs. Control 4721 Molecular Mechanisms of Cancer 14.1

Colorectal Cancer Metastasis Signaling 11.2

Toll-like Receptor Signaling 11

NF-κB Signaling 10.6

Role of Macrophages, Fibroblasts and Endothelial Cells in Rheumatoid Arthritis 10.4

PI3K Signaling in B Lymphocytes 10.4

Role of Tissue Factor in Cancer 10.3

B Cell Receptor Signaling 9.83

TREM1 Signaling 7.83

Protein Kinase A Signaling 7.81

LPS100+B100 vs. Control 4049 Role of Macrophages, Fibroblasts and Endothelial Cells in Rheumatoid Arthritis 13.6

PI3K Signaling in B Lymphocytes 11.4

Production of Nitric Oxide and Reactive Oxygen Species in Macrophages 10.2

Molecular Mechanisms of Cancer 10.2

Activation of IRF by Cytosolic Pattern Recognition Receptors 10.2

IL-10 Signaling 9.63

B Cell Receptor Signaling 9.55

iNOS Signaling 9.21

Role of Tissue Factor in Cancer 9.06

Toll-like Receptor Signaling 8.93

LPS100+A10 vs. LPS100 8

LPS100+B100 vs. LPS100 0

LPS100+A10 vs. LPS100+B100 1132 T Cell Exhaustion Signaling Pathway 5.46

Dendritic Cell Maturation 5.43

Role of Macrophages, Fibroblasts and Endothelial Cells in Rheumatoid Arthritis 5.42

Altered T Cell and B Cell Signaling in Rheumatoid Arthritis 5.22

Th17 Activation Pathway 5.16

Leukocyte Extravasation Signaling 4.81

Superpathway of Cholesterol Biosynthesis 4.8

IL-10 Signaling 4.49

Role of Tissue Factor in Cancer 4.31

Th1 and Th2 Activation Pathway 4.26

Differential analysis of count data was done with the Bioconductor limma package. Differentially expressed genes were selected, based on a 1.5-fold change and an FDR < 0.05. Up

regulation and down regulation represent positive and negative log2 fold changes, respectively. For details on “raw gene” level, see our GitHub repository or directly here. Bold font

highlights signaling pathways common with astrocytes. Orange: positive z-score; blue: negative z-score. For further details as raw data and visualized activity patterns see GitHub.

Significant genes in microglia cultures at an FDR < 0.05 and a 1.5-fold change sorted on log(p-value).

3.91E-05) and SLC1A2 (2.350 upregulated, FDR 1.80E-04).
JAK1 signaling is involved in glucocorticoid receptor signaling
(34) and JAK1/2 signaling is involved in iron homeostasis
signaling pathways(35), whereas JAK/Stat is involved in IL-
6 signaling pathways. SLC1A2 is also known as GLT-1 or

glial high affinity glutamate transporter; it is implicated in
glutamate receptor signaling and neuroinflammation signaling
pathways (36). Upregulation of glial GLT-1 in the hippocampus
has been reported after chronic stress due to its control by
glucocorticoids (37–39).
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TABLE 5 | Genes unique to LPS, agonistic stimulation or inhibition of α7nAChR in

single hit astrocytes cultures.

Top 10 signaling pathways -log(p-value)

Genes

unique to

LPS100

Ephrin A Signaling 3.21

P2Y Purigenic Receptor Signaling Pathway 2.72

Role of p14/p19ARF in Tumor Suppression 2.55

Thiamin Salvage III 2.2

Melanoma Signaling 2.14

Lymphotoxin β Receptor Signaling 2.03

CCR3 Signaling in Eosinophils 1.96

CD40 Signaling 1.84

Genes

unique to A10

Germ Cell-Sertoli Cell Junction Signaling 9.13

Integrin Signaling 7.4

Actin Cytoskeleton Signaling 5.84

Leukocyte Extravasation Signaling 5.81

Sertoli Cell-Sertoli Cell Junction Signaling 5.58

GDP-glucose Biosynthesis 5.49

Glucose and Glucose-1-phosphate Degradation 5.24

Phagosome Formation 4.84

Signaling by Rho Family GTPases 4.71

HGF Signaling 4.6

Genes

unique to

B100

Apelin Cardiomyocyte Signaling Pathway 5.54

Adrenomedullin signaling pathway 4.09

Dendritic Cell Maturation 3.23

Endothelin-1 Signaling 3.2

UVA-Induced MAPK Signaling 3.2

Renin-Angiotensin Signaling 2.97

Role of NFAT in Cardiac Hypertrophy 2.95

Phagosome Formation 2.95

GP6 Signaling Pathway 2.91

Wnt/Ca+ pathway 2.89

Again assessing the present findings together with the
previously published RNAseq data from the identical experiment
in ovine fetal microglia (3), we found GLT-1 to be upregulated in
microglia and astrocytes regardless cholinergic manipulation (for
details see GitHub repository). Albeit both pure primary cultures
were exposed to LPS, we found the up regulation of JAK2 to be
unique to astrocytes. This finding is conceptually in line with
studies reporting brain cell-specific signaling pathways behavior
in response to IL-1β (40). Much remains to be learned about
the differences between second messenger signaling cascades
involved in astrocytes, microglia and neurons in the developing
fetal brain exposed to inflammatory stimuli. Furthermore, there
is still a paucity of data about differences across the species for
these signaling pathways.

General Discussion
Fetal sheep is the classic model of fetal physiology and
neuroscience (41). It has been used successfully for both
integrative physiological as well as genomic studies. In the
present study, we expand the recently published series of
experiments in the same animal model using primary microglia
cultures to now include primary astrocytes cultures (3, 14–16).

Acetylcholine is synthesized by cultured microglia and
astrocyte in mouse and rat (42, 43), however, there is no
information from other species. It is plausible that the fetal
sheep brain astrocytes in culture produce acetylcholine, because
they appear to respond to α7nAChR stimulation. However,
we do not know how much acetylcholine is produced, and
whether or not the speculated endogenous acetylcholine can
activate the α7nAChR. This remains worthwhile to investigate in
future studies.

The antagonist drug for α7nAChR we used, α-bungarotoxin,
is a selective inhibitor for α7 receptors acting by preventing the
opening of nicotinic receptor-associated ion channels (Tocris α-
bungarotoxin datasheet). By using optimized dose, we treated our
astrocyte cells with α-bungarotoxin 1 h prior to LPS exposure,
which would block LPS-induced cytokine production in the cells.

LPS exposure had the anticipated effect of increasing IL-1β
production in astrocytes and we observed this consistently on
the transcriptome level. However, our findings on protein level
following pre-incubation with α7nAChR antagonist or agonist do
not align with those on the transcriptome level: present results on
protein level do not show a clear hypothesized effect of α7nAChR
agonism or antagonism on LPS secretion in ovine fetal astrocytes.
Such discordant behavior on protein and transcriptome levels has
been reported and studied systematically to represent the rule
rather than an exception to cellular biology in general (44).

Future studies will need to explore the protein responses in
more depth and in different species to further delineate astrocytic
behavior under α7nAChR stimulation, especially the peculiarly
opposite effect of endotoxin memory in astrocytes and microglia
on IL-1β secretion.

Microglia—astrocyte ensemble interactions need to be studied
to bridge the methodological gap between in vitro experimental
design and the in situ physiology. This can be done in co-cultures,
feasible in ovine species, for example (14). Recent study in mice
highlighted the importance of microglia—astrocyte interactions
for understanding the polarization dynamics of astrocytes (45).

In an adult rodent model, cholinergic signaling reduced stress
responsiveness via cortisol releasing hormone (CRH) receptor 1
with positive behavioral changes (46). We identified POMC as up
regulated under α7nAChR stimulation. Considering that CRH
is an upstream regulator of POMC, another question for future
studies is whether we can implicate a direct interaction with the
CRH receptor 1 in the developing brain.

We found that within its interaction network, GLT-1 was
upregulated in microglia and astrocytes regardless of cholinergic
manipulation, while the up-regulation of JAK1/2 was unique
to astrocytes. This is in line with studies showing brain region
specific overexpression of vGluT-1 (SLC17A7) both due to
endotoxin stress and due to PS and puts the LPS exposure in
the context of a more general brain stress exposure paradigm
presenting with shared response patterns of neuroinflammation
and metabolic adaptations in astrocytes (13, 47, 48). PS has long
lasting consequences on α7nACh-ergic signaling in frontal cortex
and hippocampus reducing the expression of α7nAChR protein
expression in the brain of adult rats (47).

It is plausible to conclude that low grade neuroinflammation
results in changes similar to those induced by PS with regard
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to reprogramming astrocytes to a higher glutamate uptake.
As shown elsewhere (49), PS and exposure to endotoxin may
act synergistically to exacerbate the impairment of neuron-glial
glutamatergic interaction. For endotoxin exposure, this process
is not subject to cholinergic modulation. Whether or not PS
effects alone on astrocytes glutamate uptake can be ameliorated
or reversed by α7nAChR agonism remains to be investigated.

The phylogenetically conserved interaction between
neuroinflammation and chronic stress has been the subject
of multiple studies (24), yet we are only beginning to unravel
the complex web of interactions, across developmental stages,
organs, cell types and species-specific differences, which connect
these two phenomena. While the role of microglia in this
context has been appreciated, the response of astrocytes we
report here and their behavior on protein level under second hit
scenario are novel observations warranting further studies in
different species.

In summary, we show that genes involved in stress
memory of the offspring are also impacted by LPS stress,
this impact is further altered by a second hit (memory) and
that such memory of LPS stress is amenable to cholinergic
treatment via α7nAChR. It remains to be validated in future
studies whether, when and which stimulation of the α7nAChR
is favorable.

ETHICS STATEMENT

This study was carried out in strict accordance with the
recommendations in the Guide for the Care and Use of

Laboratory Animals of the National Institutes of Health. The
respective in vivo and in vitro protocols were approved by

the Committee on the Ethics of Animal Experiments of the
Université de Montréal (Permit Number: 10-Rech-1560).

AUTHOR CONTRIBUTIONS

MCa, PB, GF, AD, and MF are responsible for conception and
design. MCa, HL, MW, LD, PB, GF, AD, and MF acquired data.
MCa, HL, MW, JM, MCo, MD, TB, JS, and MF did the analysis
and interpretation of data. MCa, JM, MCo, TB, and MF drafted
the manuscript. MCa, JM, MW, MCo, JS, MA, TB, and MF are
responsible for revising it for intellectual content. MCa, JM, HL,
MW, MCo, LD, PB, GF, AD, JS, MA, RB, MD, TB, and MF gave
final approval of the completed manuscript.

FUNDING

Supported by grants from the Canadian Institute of Health
Research (CIHR) (MF); Fonds de la recherche en santé du
Québec (FRSQ) (MF) and Molly Towell Perinatal Research
Foundation (MF); QTNPR (by CIHR) (LD). Supported in part
by Illumina Inc.

ACKNOWLEDGMENTS

The authors thankDr. Jack Antel lab, especiallyManon Blain, and
Dr. Craig Moore for invaluable assistance with the cell culture
protocol, St-Hyacinthe CHUV team for technical assistance
and Jan Hamanishi for graphical design. We also thank MD
lab for skilful assistance with RNA samples pipeline on the
Illumina platform and Lu Wang for assistance in RNAseq
bioinformatics pipeline.

REFERENCES

1. JassamYN, Izzy S,WhalenM,McGavern DB, El Khoury J. Neuroimmunology

of traumatic brain injury: time for a paradigm shift. Neuron. (2017)

95:1246–65. doi: 10.1016/j.neuron.2017.07.010

2. Kalkman HO, Feuerbach D. Modulatory effects of α7 nAChRs on the

immune system and its relevance for CNS disorders. Cell Mol Life Sci. (2016)

73:2511–30. doi: 10.1007/s00018-016-2175-4

3. Cortes M, Cao M, Liu HL, Moore CS, Durosier LD, Burns P, Fecteau

G, et al. α7 nicotinic acetylcholine receptor signaling modulates the

inflammatory phenotype of fetal brain microglia: first evidence of interference

by iron homeostasis. Sci Rep. (2017) 7:10645. doi: 10.1038/s41598-017-

09439-z

4. Kiguchi N, Kobayashi D, Saika F, Matsuzaki S, Kishioka S. Inhibition

of peripheral macrophages by nicotinic acetylcholine receptor agonists

suppresses spinal microglial activation and neuropathic pain in

mice with peripheral nerve injury. J Neuroinflamm. (2018) 15:96.

doi: 10.1186/s12974-018-1133-5

5. Frasch MG, Szynkaruk M, Prout AP, Nygard K, Cao M, Veldhuizen

R, et al. Decreased neuroinflammation correlates to higher vagus nerve

activity fluctuations in near-term ovine fetuses: a case for the afferent

cholinergic anti-inflammatory pathway? J Neuroinflamm. (2016) 13:103.

doi: 10.1186/s12974-016-0567-x

6. Han Z, Li L, Wang L, Degos V, Maze M, Su H. Alpha-7 nicotinic acetylcholine

receptor agonist treatment reduces neuroinflammation, oxidative stress, and

brain injury in mice with ischemic stroke and bone fracture. J Neurochem.

(2014) 131:498–508. doi: 10.1111/jnc.12817

7. de Jonge WJ, Ulloa L. The alpha7 nicotinic acetylcholine receptor as a

pharmacological target for inflammation. Br J Pharmacol. (2007) 151:915–29.

doi: 10.1038/sj.bjp.0707264

8. Shytle RD, Mori T, Townsend K, Vendrame M, Sun N, Zeng J, Ehrhart J,et al.

Cholinergicmodulation ofmicroglial activation by alpha 7 nicotinic receptors.

J Neurochem. (2004) 89:337–43. doi: 10.1046/j.1471-4159.2004.02347.x

9. Rosas-Ballina M, Olofsson PS, Ochani M, Valdes-Ferrer SI, Levine YA,

Reardon C, et al. Acetylcholine-synthesizing T cells relay neural signals in a

vagus nerve circuit. Science. (2011) 334:98–101. doi: 10.1126/science.1209985

10. Cheyuo C, Jacob A, Wu R, ZhouM, Coppa GF, Wang P. The parasympathetic

nervous system in the quest for stroke therapeutics. J Cereb Blood FlowMetab.

(2011) 31:1187–95. doi: 10.1038/jcbfm.2011.24

11. Cao J, Lu K-H, Powley TL, Liu Z. Vagal nerve stimulation triggers widespread

responses and alters large-scale functional connectivity in the rat brain. PLoS

ONE. (2017) 12:e0189518. doi: 10.1371/journal.pone.0189518

12. al-Haddad BJS, Jacobsson B, Chabra S, Modzelewska D, Olson EM, Bernier R,

et al. Long-term risk of neuropsychiatric disease after exposure to infection in

utero. JAMA Psychiatry. (2019) doi: 10.1001/jamapsychiatry.2019.0029. [Epub

ahead of print].

13. Elovitz MA, Brown AG, Breen K, Anton L, Maubert M, Burd I.

Intrauterine inflammation, insufficient to induce parturition, still evokes

fetal and neonatal brain injury. Int J Dev Neurosci. (2011) 29:663–71.

doi: 10.1016/j.ijdevneu.2011.02.011

14. Cortes M, Cao M, Liu HL, Burns P, Moore C, Fecteau G, et al. RNAseq

profiling of primary microglia and astrocyte cultures in near-term ovine fetus:

a glial in vivo-in vitromulti-hit paradigm in largemammalian brain. J Neurosci

Methods. (2017) 276:23–32. doi: 10.1016/j.jneumeth.2016.11.008

Frontiers in Immunology | www.frontiersin.org 12 May 2019 | Volume 10 | Article 1063236

https://doi.org/10.1016/j.neuron.2017.07.010
https://doi.org/10.1007/s00018-016-2175-4
https://doi.org/10.1038/s41598-017-09439-z
https://doi.org/10.1186/s12974-018-1133-5
https://doi.org/10.1186/s12974-016-0567-x
https://doi.org/10.1111/jnc.12817
https://doi.org/10.1038/sj.bjp.0707264
https://doi.org/10.1046/j.1471-4159.2004.02347.x
https://doi.org/10.1126/science.1209985
https://doi.org/10.1038/jcbfm.2011.24
https://doi.org/10.1371/journal.pone.0189518
https://doi.org/10.1001/jamapsychiatry.2019.0029
https://doi.org/10.1016/j.ijdevneu.2011.02.011
https://doi.org/10.1016/j.jneumeth.2016.11.008
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Cao et al. Fetal Astrocytes α7nAChR Signaling

15. Cao M, Cortes M, Moore CS, Leong SY, Durosier LD, Burns P,

et al. Fetal microglial phenotype in vitro carries memory of prior

in vivo exposure to inflammation. Front Cell Neurosci. (2015) 9:294.

doi: 10.3389/fncel.2015.00294

16. Frasch MG, Burns P, Benito J, Cortes M, Cao M, Fecteau G, et al.

Sculpting the sculptors: methods for studying the fetal cholinergic signaling

on systems and cellular scales. Methods Mol Biol. (2018) 1781:341–52.

doi: 10.1007/978-1-4939-7828-1_18

17. Patro R, Duggal G, Kingsford C. Salmon: accurate, versatile and ultrafast

quantification from rna-seq data using lightweight-alignment. bioRxiv. (2015)

021592. doi: 10.1101/021592

18. Soneson C, Love MI, Robinson MD. Differential analyses for RNA-seq:

transcript-level estimates improve gene-level inferences. F1000Res. (2015)

4:1521. doi: 10.12688/f1000research.7563.2

19. Smyth GK. Linear models and empirical bayes methods for assessing

differential expression in microarray experiments. Stat Appl Genet Mol Biol.

(2004) 3:Article3. doi: 10.2202/1544-6115.1027

20. Wang P, Xu T-Y, Guan Y-F, TianW-W, Viollet B, Rui Y-C, et al. Nicotinamide

phosphoribosyltransferase protects against ischemic stroke through SIRT1-

dependent adenosine monophosphate-activated kinase pathway. Ann Neurol.

(2011) 69:360–74. doi: 10.1002/ana.22236

21. Li D, Liu N, Zhao H-H, Zhang X, Kawano H, Liu L, et al. Interactions between

Sirt1 andMAPKs regulate astrocyte activation induced by brain injury in vitro

and in vivo. J Neuroinflamm. (2017) 14:67. doi: 10.1186/s12974-017-0841-6

22. Frasch MG. Putative role of AMPK in fetal adaptive brain shut-down: linking

metabolism and inflammation in the brain. Front Neurol. (2014) 5:150.

doi: 10.3389/fneur.2014.00150

23. Tyzack GE, Hall CE, Sibley CR, Cymes T, Forostyak S, Carlino

G, et al. A neuroprotective astrocyte state is induced by neuronal

signal EphB1 but fails in ALS models. Nat Commun. (2017) 8:1164.

doi: 10.1038/s41467-017-01283-z

24. Deak T, Kudinova A, Lovelock DF, Gibb BE, Hennessy MB. A multispecies

approach for understanding neuroimmune mechanisms of stress. Dialogues

Clin Neurosci. (2017) 19:37–53. Available online at: https://www.dialogues-

cns.org/contents-19-1/dialoguesclinneurosci-19-37/

25. Diz-Chaves Y, Astiz M, Bellini MJ, Garcia-Segura LM. Prenatal stress

increases the expression of proinflammatory cytokines and exacerbates the

inflammatory response to LPS in the hippocampal formation of adult male

mice. Brain Behav Immun. (2013) 28:196–206. doi: 10.1016/j.bbi.2012.11.013

26. Bronson SL, Bale TL. Prenatal stress-induced increases in placental

inflammation and offspring hyperactivity are male-specific and ameliorated

by maternal antiinflammatory treatment. Endocrinology. (2014) 155:2635–46.

doi: 10.1210/en.2014-1040

27. Wu S, Gennings C, Wright RJ, Wilson A, Burris HH, Just AC, et al.

Prenatal stress, methylation in inflammation-related genes, and adiposity

measures in early childhood: the programming research in obesity, growth

environment and social stress cohort study. PsychosomMed. (2018) 80:34–41.

doi: 10.1097/PSY.0000000000000517

28. Shapiro GD, Fraser WD, Frasch MG, Séguin JR. Psychosocial stress in

pregnancy and preterm birth: associations and mechanisms. J Perinat Med.

(2013) 41:631–645. doi: 10.1515/jpm-2012-0295

29. Christian LM, Franco A, Glaser R, Iams JD. Depressive symptoms are

associated with elevated serum proinflammatory cytokines among pregnant

women. Brain Behav Immun. (2009) 23:750–4. doi: 10.1016/j.bbi.2009.02.012

30. El-Ansary A, Al-Ayadhi L. Neuroinflammation in autism spectrum disorders.

J Neuroinflamm. (2012) 9:265. doi: 10.1186/1742-2094-9-265

31. Kinney DK, Munir KM, Crowley DJ, Miller AM. Prenatal stress

and risk for autism. Neurosci Biobehav Rev. (2008) 32:1519–32.

doi: 10.1016/j.neubiorev.2008.06.004

32. Barros VG, Duhalde-Vega M, Caltana L, Brusco A, Antonelli MC. Astrocyte-

neuron vulnerability to prenatal stress in the adult rat brain. J Neurosci Res.

(2006) 83:787–800. doi: 10.1002/jnr.20758

33. Barros VG, Berger MA, Martijena ID, Sarchi MI, Perez AA, Molina VA,

et al. Early adoption modifies the effects of prenatal stress on dopamine

and glutamate receptors in adult rat brain. J Neurosci Res. (2004) 76:488–96.

doi: 10.1002/jnr.20119

34. Pace TWW, Miller AH. Cytokines and glucocorticoid receptor signaling.

Relevance to major depression. Ann N Y Acad Sci. (2009) 1179:86–105.

doi: 10.1111/j.1749-6632.2009.04984.x

35. Schmidt PJ. Regulation of iron metabolism by hepcidin under

conditions of inflammation. J Biol Chem. (2015) 290:18975–83.

doi: 10.1074/jbc.R115.650150

36. Jauregui-Huerta F, Ruvalcaba-Delgadillo Y, Gonzalez-Castañeda R,

Garcia-Estrada J, Gonzalez-Perez O, Luquin S. Responses of glial cells

to stress and glucocorticoids. Curr Immunol Rev. (2010) 6:195–204.

doi: 10.2174/157339510791823790

37. Autry AE, Grillo CA, Piroli GG, Rothstein JD, McEwen BS, Reagan

LP. Glucocorticoid regulation of GLT-1 glutamate transporter isoform

expression in the rat hippocampus. Neuroendocrinology. (2006) 83:371–9.

doi: 10.1159/000096092

38. Reagan LP, Rosell DR, Wood GE, Spedding M, Muñoz C, Rothstein

J, et al. Chronic restraint stress up-regulates GLT-1 mRNA and

protein expression in the rat hippocampus: reversal by tianeptine.

Proc Natl Acad Sci USA. (2004) 101:2179–2184. doi: 10.1073/pnas.0307

294101

39. Zschocke J, Bayatti N, Clement AM, Witan H, Figiel M, Engele J, Behl C.

Differential promotion of glutamate transporter expression and function by

glucocorticoids in astrocytes from various brain regions. J Biol Chem. (2005)

280:34924–32. doi: 10.1074/jbc.M502581200

40. Srinivasan D, Yen J-H, Joseph DJ, Friedman W. Cell Type-Specific

Interleukin-1β Signaling in the CNS. J Neurosci. (2004) 24:6482–8.

doi: 10.1523/JNEUROSCI.5712-03.2004

41. Morrison JL, Berry MJ, Botting KJ, Darby JRT, Frasch MG, Gatford

KL, et al. Improving pregnancy outcomes in humans through studies in

sheep. Am J Physiol Regul Integr Comp Physiol. (2018) 315:R1123–53.

doi: 10.1152/ajpregu.00391.2017

42. Wessler I, Kirkpatrick CJ, Racké K. The cholinergic “pitfall”: acetylcholine,

a universal cell molecule in biological systems, including humans. Clin Exp

Pharmacol Physiol. (1999) 26:198–205.

43. Wessler I, Reinheimer T, Klapproth H, Schneider FJ, Racké K, Hammer

R. Mammalian glial cells in culture synthesize acetylcholine. Naunyn

Schmiedebergs Arch Pharmacol. (1997) 356:694–7.

44. Ghazalpour A, Bennett B, Petyuk VA, Orozco L, Hagopian R, Mungrue IN,

et al. Comparative analysis of proteome and transcriptome variation inmouse.

PLoS Genet. (2011) 7:e1001393. doi: 10.1371/journal.pgen.1001393

45. Rothhammer V, Borucki DM, Tjon EC, Takenaka MC, Chao C-C,

Ardura-Fabregat A, et al. Microglial control of astrocytes in response to

microbial metabolites. Nature. (2018) 557:724–8. doi: 10.1038/s41586-018-

0119-x

46. Farrokhi CB, Tovote P, Blanchard RJ, Blanchard DC, Litvin Y, Spiess

J. Cortagine: behavioral and autonomic function of the selective

CRF receptor subtype 1 agonist. CNS Drug Rev. (2007) 13:423–43.

doi: 10.1111/j.1527-3458.2007.00027.x

47. Baier CJ, Pallares ME, Adrover E, Monteleone MC, Brocco MA, Barrantes

FJ, et al. Prenatal restraint stress decreases the expression of alpha-7

nicotinic receptor in the brain of adult rat offspring. Stress. (2015) 18:435–45.

doi: 10.3109/10253890.2015.1022148

48. Adrover E, Pallarés ME, Baier CJ, Monteleone MC, Giuliani FA,

Waagepetersen HS, et al. Glutamate neurotransmission is affected

in prenatally stressed offspring. Neurochem Int. (2015) 88:73–87.

doi: 10.1016/j.neuint.2015.05.005

49. Cumberland AL, Palliser HK, Rani P, Walker DW, Hirst JJ. Effects of

combined IUGR and prenatal stress on the development of the hippocampus

in a fetal guinea pig model. J Dev Orig Health Dis. (2017) 8:584–96.

doi: 10.1017/s2040174417000307

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2019 Cao, MacDonald, Liu, Weaver, Cortes, Durosier, Burns, Fecteau,

Desrochers, Schulkin, Antonelli, Bernier, Dorschner, Bammler and Frasch. This is an

open-access article distributed under the terms of the Creative Commons Attribution

License (CC BY). The use, distribution or reproduction in other forums is permitted,

provided the original author(s) and the copyright owner(s) are credited and that the

original publication in this journal is cited, in accordance with accepted academic

practice. No use, distribution or reproduction is permitted which does not comply

with these terms.

Frontiers in Immunology | www.frontiersin.org 13 May 2019 | Volume 10 | Article 1063237

https://doi.org/10.3389/fncel.2015.00294
https://doi.org/10.1007/978-1-4939-7828-1_18
https://doi.org/10.1101/021592
https://doi.org/10.12688/f1000research.7563.2
https://doi.org/10.2202/1544-6115.1027
https://doi.org/10.1002/ana.22236
https://doi.org/10.1186/s12974-017-0841-6
https://doi.org/10.3389/fneur.2014.00150
https://doi.org/10.1038/s41467-017-01283-z
https://www.dialogues-cns.org/contents-19-1/dialoguesclinneurosci-19-37/
https://www.dialogues-cns.org/contents-19-1/dialoguesclinneurosci-19-37/
https://doi.org/10.1016/j.bbi.2012.11.013
https://doi.org/10.1210/en.2014-1040
https://doi.org/10.1097/PSY.0000000000000517
https://doi.org/10.1515/jpm-2012-0295
https://doi.org/10.1016/j.bbi.2009.02.012
https://doi.org/10.1186/1742-2094-9-265
https://doi.org/10.1016/j.neubiorev.2008.06.004
https://doi.org/10.1002/jnr.20758
https://doi.org/10.1002/jnr.20119
https://doi.org/10.1111/j.1749-6632.2009.04984.x
https://doi.org/10.1074/jbc.R115.650150
https://doi.org/10.2174/157339510791823790
https://doi.org/10.1159/000096092
https://doi.org/10.1073/pnas.0307294101
https://doi.org/10.1074/jbc.M502581200
https://doi.org/10.1523/JNEUROSCI.5712-03.2004
https://doi.org/10.1152/ajpregu.00391.2017
https://doi.org/10.1371/journal.pgen.1001393
https://doi.org/10.1038/s41586-018-0119-x
https://doi.org/10.1111/j.1527-3458.2007.00027.x
https://doi.org/10.3109/10253890.2015.1022148
https://doi.org/10.1016/j.neuint.2015.05.005
https://doi.org/10.1017/s2040174417000307~
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


ORIGINAL RESEARCH
published: 09 May 2019

doi: 10.3389/fimmu.2019.01040

Frontiers in Immunology | www.frontiersin.org 1 May 2019 | Volume 10 | Article 1040

Edited by:

Stefan Bittner,

Johannes Gutenberg University

Mainz, Germany

Reviewed by:

Janine Adele Lamb,

University of Manchester,

United Kingdom

Ann Marie Reed,

Duke University, United States

*Correspondence:

Werner Stenzel

werner.stenzel@charite.de

†These authors share first authorship

Specialty section:

This article was submitted to

Multiple Sclerosis and

Neuroimmunology,

a section of the journal

Frontiers in Immunology

Received: 30 December 2018

Accepted: 23 April 2019

Published: 09 May 2019

Citation:

Roos A, Preusse C, Hathazi D,

Goebel H-H and Stenzel W (2019)

Proteomic Profiling Unravels a Key

Role of Specific Macrophage

Subtypes in Sporadic Inclusion Body

Myositis. Front. Immunol. 10:1040.

doi: 10.3389/fimmu.2019.01040

Proteomic Profiling Unravels a Key
Role of Specific Macrophage
Subtypes in Sporadic Inclusion Body
Myositis
Andreas Roos 1,2†, Corinna Preusse 3†, Denisa Hathazi 2, Hans-Hilmar Goebel 3 and

Werner Stenzel 3,4*

1Department of Neuropediatrics, Developmental Neurology and Social Pediatrics, Centre for Neuromuscular Disorders in

Children, University Children’s Hospital Essen, University of Duisburg-Essen, Essen, Germany, 2 Leibniz-Institut für

Analytische Wissenschaften -ISAS- e.V., Dortmund, Germany, 3Department of Neuropathology, Charité -Universitätsmedizin

Berlin, Corporate Member of Freie Universität Berlin, Humboldt-Universität zu Berlin, and Berlin Institute of Health, Berlin,

Germany, 4 Leibniz Science Campus Chronic Inflammation, Berlin, Germany

Unbiased proteomic profiling was performed toward the identification of biological

parameters relevant in sIBM, thus giving hints about the pathophysiological processes

and the existence of new reliable markers. For that purpose, skeletal muscle biopsies

from 13 sIBM and 7 non-diseased control patients were analyzed with various methods,

including liquid chromatography coupled to tandem mass spectrometry (four patients).

Subsequent data analysis identified key molecules further studied in a larger cohort

by qPCR, immunostaining, and immunofluorescence in situ. Proteomic signature of

muscle biopsies derived from sIBM patients revealed the chaperone and cell surface

marker CD74, the macrophage scavenger molecule CD163 and the transcription

activator STAT1 to be among the highly and relevantly expressed proteins suggesting

a significant contribution of immune cells among the myofibers expressing these

markers. Moreover, in silico studies showed that 39% of upregulated proteins were

involved in type I or mixed type I and type II interferon immunity. Indeed, further

studies via immunohistochemistry clearly confirmed the prominent involvement of the

key type I interferon signature-related molecules, ISG15 as well as IRF8 with MHC

class II+ myofibers. Siglec1 colocalized with CD163+ macrophages and MHC class

II molecules also co-localized with CD74 on macrophages. STAT1 co-localized with

Siglec1+ macrophages in activemyofibremyophagocytosis while STAT6 colocalized with

endomysial macrophages. These combined results show involvement of CD74, CD163,

and STAT1 as key molecules of macrophage activation being crucially involved in mixed

and specific type I interferon, and interferon gamma associated-pathways in sIBM. On a

more general note, these results also highlight the type of immune-interaction between

macrophages and myofibers in the etiopathology of sIBM.

Keywords: CD74, SIGLEC1, CD163, STAT1, STAT6, type I interferon (IFN), muscle proteomics

238

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.2019.01040
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2019.01040&domain=pdf&date_stamp=2019-05-09
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:werner.stenzel@charite.de
https://doi.org/10.3389/fimmu.2019.01040
https://www.frontiersin.org/articles/10.3389/fimmu.2019.01040/full
http://loop.frontiersin.org/people/624604/overview
http://loop.frontiersin.org/people/609435/overview
http://loop.frontiersin.org/people/571453/overview


Roos et al. Proteomic Profiling in sIBM

INTRODUCTION

Inclusion body myositis is a chronic muscle-specific disease
of adulthood leading to progressive and very characteristic
hip flexor and quadriceps paresis, long finger flexor paresis,
and swallowing difficulties (1–4). Muscle biopsy reveals a
severe myopathic/dystrophic process with the characteristic
complex inflammatory infiltrate composed of different types of
T cells, macrophages and other mononuclear cells. Additional
degenerative changes with the presence of amyloidogenic protein
deposits, disturbed autophagy, and mitochondrial abnormalities
are present. Clinical and muscle biopsy characteristics are the
basis of a precise diagnosis of sIBM (1, 3, 5, 6). The autoantibody
cN1A can be used as a marker of severity in sIBM, however,
its role in the pathogenicity of this disease has not been fully
elucidated (7–9). Despite the characteristic clinical picture and
well-known biopsy findings, the pathogenesis of sIBM is still
elusive and not fully understood. So far, therapeutic approaches
have not been broadly successful, questioning the (auto)-
immune pathogenesis. Moreover, these therapeutic interventions
present attempts to address the degenerative autophagic
dysfunction (10).

Proteomics and subsequent specific data analysis of diseased
tissue such as skeletal muscle can help to identify key pathogenic
molecules or groups of molecules involved in certain processes,
which may be of relevance in inflammatory or genetic diseases
affecting muscle fiber integrity [exemplified in (11)].

In this study, we applied unbiased proteomic profiling and
identified CD74, CD163, and STAT1 among the highly expressed
proteins in muscle biopsies of sIBM patients. Notably, these
proteins were found to localize to macrophages and partially to
the sarcolemma of myofibers. Further analyses were performed
in the larger context of associated immune responses in skeletal
muscle tissue. These approaches revealed a specific and key role
of the cellular interaction of specifically activated macrophages
with myofibers.

MATERIALS AND METHODS

Patients
Clinical data of all IBM patients enrolled in this study are listed
inTable 1. We included patients with clinical, andmorphological
signs and symptoms consistent with sIBM, according to present
criteria (12), as well as sex- and age-matched patients defined
as non-diseased controls (NDCs). We chose as controls subjects
who had undergone a muscle biopsy, but who were found not
to have any inflammatory muscle disease. They had suffered
from non-specific complaints like myalgia, but objective muscle
weakness and morphological abnormalities on skeletal muscle
biopsy were absent. CK levels were normal and no signs
of systemic inflammation and no myositis-specific antibodies
(MSA) or myositis-associated antibodies (MAA) were detectable.
sIBM patients had moderate illness (still ambulatory) and
homogeneous muscle biopsy findings (not severely atrophic
muscle bulk). Informed consent was obtained from all patients

and the Charité ethics committee (EA2/163/17), had granted
ethical approval.

Skeletal Muscle Specimens
In this study, we analyzed skeletal muscle biopsies derived
from sIBM patients (clinically and morphologically definite
sIBM) (12). Skeletal muscle biopsies from sIBM patients
were used to produce proteomic results (four biopsies) and
qualitative morphological characteristics in situ (whole cohort).
In addition, four control muscle biopsies were included for the
proteomic profiling and additional nine biopsies for subsequent
immunohistochemical and qPCR studies. All skeletal muscle
specimens were cryopreserved at−80◦C prior to analysis.

Morphological Analysis
All stains were performed on 7µm cryomicrotome sections,
according to standard procedures. Immunohistochemical and
double immunofluorescence reactions were carried out as
described previously (13). The following antibodies were used for
staining procedures:

Mouse anti-human CD163, 1:50, St. John’s Lab/polyclonal;
rabbit anti-human CD74, 1:100 St. John’s Lab/polyclonal; mouse
anti-human CD68, 1:100 Dako/EBM1; rabbit anti-human
iNOS, ready-to-use, Genetex/polyclonal; rabbit anti-human
ISG15, 1:100, abcam/polyclonal; MHCI, 1:1.000, Dako/W6/32;
mouse anti-human MHC class II, 1:100, DAKO/ CR3/43;
rat anti-human STAT1, 1:50, R&D Systems/246523; mouse
anti-human STAT6, 1:50, R&D Systems/253906; mouse anti-
human Siglec1, 1:100, Novus Biologicals/HSn7D2; IRF8,
1:100 Abcam/polyclonal.

Proteomics
Proteomic profiling of four sIBM-patient derived and four
control quadriceps muscles was carried out as described
previously (14).

In Silico Studies
Further in silico studies included “Proteomaps” (www.
proteomaps.net), “Interferome” (www.interferome.org),
“Cytoscape” (www.cytoscape.org) and “STRING” (www.
string-db.org) and have been carried out to unravel
functional connections and interdependences between the
proteins vulnerable in sIBM with a special focus on such
involved in the interferon-mediated immune response. All
regulated proteins (24 down, 119 up-regulated) were used
for the analyses.

“Proteomaps” enables us to obtain a picture of the quantitative
composition of vulnerable pathways and cellular processes
with a focus on individual protein functions controlling these
pathways and processes. The visualization of affected pathways
(and responsible proteins) is built automatically from the
computerized proteome data and based on the “KEGGPathways”
gene classification. Hereby, individual proteins are shown as
polygons and to emphasize the fold of regulation, polygon-sizes
reflect fold of changes abundances. Functionally related proteins
are arranged in proximity. This in silico tool has been applied
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FIGURE 1 | Key proteomic findings and subsequent in silico analyses. (A) 3-D montages of representative tryptic peptides highlighting the increased abundance of

the corresponding proteins, CD47, STAT1, and CD163. (B) Proteomaps-based analysis of cellular processes addressed by up- and down-regulated proteins in

sIBM-patient-derived muscle (left figures) as well as of proteins predominating the respective cellular processes by taking their relative abundance/fold of regulation

(Continued)
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FIGURE 1 | into consideration (right figures). (C) Venn diagram-based categorization of proteins increased in sIBM-patient-derived muscle and modulated by the

three different interferon types (detailed list of increased proteins controlled by interferons is provided in Table 2). (D) Cytoscape-based visualization of functional

networks of upregulated proteins controlled by interferons. (E) STRING-based analysis of functional protein networks of CD74 (left figure), STAT1 (figure in the middle)

and CD163 (right figure) toward the identification of further interferon-modulated and macrophage-expressed proteins with pathophysiological significance in sIBM.

FIGURE 2 | Immunohistochemical reactions of potential key players in the skeletal muscle biopsies from sIBM patients. Proteomics-based identified key players

showed a positive staining in sIBM patients’ skeletal muscle biopsies, where CD74 (A), as well as CD163 (B) highlighted macrophages. STAT1 (C) was expressed in

macrophages in active myophagocytosis, while it was not present at the sarcolemma of myofibers.

to proteins showing a statistically significant altered abundance
and thus vulnerability in sIBM-diseased muscle. “Interferome”
enables the reliable identification of individual interferon-
regulated genes or respective molecular signatures. Here,
“Ensembl IDs” have been utilized to filter for interferon-regulated
genes (or rather corresponding proteins) based on our proteomic
findings. “Cytoscape” as an additional open source in silico tool
enabling the visualization of molecular and functional protein-
protein interaction networks. Here, we applied “Cytoscape” to
proteins modulated by the interferon-response (based on the
results of our “Interferome”-based data analysis). “STRING“
(Search Tool for the Retrieval of Interacting Genes/Proteins)
represents an in silico tool enabling the delineation of (direct and
functionally related) protein-protein interactions and thus allows
to identify functional interdependences of proteins with altered
abundances in diseased tissues such as sIBM muscle. Here, we
applied “STRING” to decipher proteins interacting with CD74,
STAT1, and CD63.

Quantitative Reverse Transcription PCR
(qRT-PCR)
Total RNA was extracted from muscle specimens using
the technique described previously (13). Briefly, cDNA was
synthesized using the High-Capacity cDNA Archive Kit
(Applied Biosystems, Foster City, CA). For qPCR reactions,
2 ng of cDNA were used and for subsequent analysis, the
7900HT Fast Real-Time PCR System (Applied Biosystems,
Foster City, CA) was utilized with the following, running
conditions: 95◦C 0:20, 95◦C 0:01, 60◦C 0:20, 45 cycles (values
above 40 cycles were defined as not expressed). All targeted
transcripts were run as triplicates. For each of these runs, the
reference gene PGK1 has been included as internal control to
normalize the relative expression of the targeted transcripts.
The qPCR assay identification numbers, TaqMan R© Gene
Exp Assay from Life Technologies/ThermoFisher are listed

as follows: STAT1 Hs01013989_m1, STAT6 Hs00598625_m1,
PGK1 Hs99999906_m1. The 1CT of non-diseased controls was
subtracted from the 1CT of sIBM patients muscles to determine
the differences (11CT) and fold change (2∧ − 11CT) of gene
expression. Gene expression was illustrated by the log10 of fold
change values compared to NDCs.

Statistical Analysis
Statistical analysis of proteomic data has been carried out
as described previously (14). Kruskal-Wallis one-way ANOVA
followed by Bonferroni-Dunn correction of the post hoc
tests was used to analyze quantitative differences of mRNA
transcripts. Data are presented as mean ± SEM. The level of
significance was set at P < 0.05. GraphPad Prism 5.02 software
(GraphPad Software, Inc., La Jolla, CA, USA) was used for
statistical analysis.

RESULTS

Proteomic Signature: CD74, CD163, and
STAT1 Are Highly Expressed in Skeletal
Muscle Biopsies of sIBM Patients
Since the precise pathogenesis of IBM is still unclear, we
aimed to analyze the proteomic signature via label-free profiling
as an unbiased approach to gather new relevant molecules
that might play decisive roles in the disease pathogenesis.
The proteomic analysis unraveled that CD74 (6.7-fold; log2-
ratio), STAT1 (5-fold; log2-ratio), and CD163 (4.8-fold; log2-
ratio) are among the highly expressed proteins in skeletal
muscle specimens derived from sIBM patients (Figure 1A).
In silico studies (proteomap: https://www.proteomaps.net/) of
all proteins altered in abundance (out of 1375 quantified
proteins, 24 are statistically significantly decreased and 119 are
increased; vulnerability of 10.4% of the investigated proteome)
in sIBM-patient derived skeletal muscles, revealed alteration
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of biosynthesis, cellular composition, cytoskeleton and altered
protein processing (folding, sorting, and degradation) along
with vesicular transport. Moreover, the activation of the
immune response is a predominating mechanism mirrored
by an increase in specific proteins (Figure 1B). Remarkably,
proteomap-based linking of altered cellular processes to key
proteins (taking their fold of regulation into consideration)
revealed that CD74 and STAT1 hereby seem to be major
molecular “determinators” of modulation of the immune
response. Prompted by this finding and by the fact that
CD74, STAT1, and CD163 are well-known modulators of
interferon-mediated processes (15–21), all up-regulated proteins
(total of 119 proteins) were additionally analyzed in silico
using the “interferome” platform (http://www.interferome.org).
This resulted in the identification of a total 46 transcripts
corresponding to the proteins up-regulated in the muscle of
sIBM patients which are controlled by interferon-modulated
processes (Figure 1C). Hereby 26 out of the 46 up-regulated
transcripts are controlled by both types I and II interferon
and four proteins by types I, II, and III. Five transcripts are
controlled either by type 1 interferons while eleven are by type 2
interferons (Figure 1C). An additional analysis of the interferon-
pathway controlled proteins via the “cytoscape” platform (https://
cytoscape.org/) confirmed a functional interdependence of these
proteins (Figure 1D), thus suggesting a functional relevance
in sIBM-pathogenesis.

A further STRING analysis (https://string-db.org) toward the
identification of functional protein-protein networks confirmed
the functional interplay of the proteins encoded by these
transcripts (Figure 1D), suggesting a fundamental role of
interferon-modulated processes in the etiopathology of sIBM.
An individual STRING analysis of CD74, STAT1, and CD163
confirmed a functional link of these immune-response proteins
to a variety of interferon-induced proteins (Figure 1E).

Based on the dense networks of predicted functional
protein-protein interplays, we evaluated the potential reaction
partners and hence decided to focus on some key players for
further studies. The selected key players are MIF—Macrophage
migration inhibitory factor, involved in the interferon type
response and showing a functional interplay with CD74
(Figure 1E) as well as ISG15, which was not upregulated in our
analyses, but represents a well-known partner (22) for e.g., STATs,
JAKs and IL-6, which are all found in our STRING analysis
(Figure 1E). Both of these molecules showed an increased
immunoreactivity within macrophages in sIBM-patient derived
muscle biopsy specimens, thus supporting the concept of
the involvement of different types of interferon-mediated
downstream intracellular activation programs in macrophages.
The concept of a particular role of macrophage-mediated
interferon response in sIBM is not only further supported by
increased abundance of Macrophage-capping protein (CAPG;
identified via proteomic profiling; Table 2), but also by the
identification of increased immunoreactivity of additional key
players such as Siglec1 and CD68 within macrophages in
sIBM muscle (see below), adding additional markers to the
subsequent analyses.

TABLE 1 | Summarized clinical information of all IBM patients included in the

study.

Patient

No.

Age Sex Duration

of

disease

(years)

Muscle symptoms

sIBM1 72 M ? Symmetric LL prox. and distal paresis,

CK 3-fold elevated

sIBM2 78 F 3 Prox. LL and paresis of finger flexors,

CK 2-fold elevated

sIBM3 64 M 2 Prox. tetraparesis and paresis of distal

forearms, CK 2-fold elevated

sIBM4 68 F 3 Chronic progressive tetraparesis,

significant muscle atrophy

sIBM5 66 M 5 Prox. paresis LL, significant atrophy of

vastus lateralis

sIBM6 75 F ? Prox. paresis LL and distal paresis UL,

CK 6-fold elevated

sIBM7 64 M ? Prox. paresis and distal paresis of

fingers

sIBM8 75 M 2 Prox. progressive paresis LL and

exercise induced pain, CK 3-fold

elevated

sIBM9 66 M ? Dysphagia, distal and proximal

tetraparesis, CK 1.5-fold elevated

sIBM10 79 F 11 Prox. tetraparesis, progressive muscle

atrophy

sIBM11 76 M >2 Muscle pain, proximal weakness,

muscle atrophy, CK normal

sIBM12 72 F 7 Prox. tetraparesis, muscle atrophy

sIBM13 71 M ? Prox. tetraparesis

Cellular Localization of CD74, CD163, and STAT1 in

Skeletal Muscle Biopsies From sIBM Patients
To verify the in silico results and the respective increased
expression of CD74, CD163, and STAT1 in sIBM muscle
biopsies, we stained sections of muscle biopsy specimens in
a larger cohort of sIBM patients (n = 13). In sIBM patients’
skeletal muscle biopsies, CD74 mostly stained endomysial
macrophages (Figure 2A). CD163 highlighted macrophages in
the endomysium but was not positive on the sarcolemma of the
myofibres (Figure 2B). STAT1 was expressed in macrophages in
active myophagocytosis but not in the endo- and perimysium,
independently of macrophages. STAT1 antibodies did not
stain the sarcolemma of myofibers (Figure 2C). In summary
and on a descriptive first approach, all three molecules are
detectable on a variety of macrophages in the endomysium or
in myophagocytosis.

Significance of CD74, CD163, and STAT1 to

Immunological Processes in Skeletal Muscle of sIBM

Patients
To expand these descriptive findings and to further implement
functional association of the above-mentioned quantitatively
and qualitatively highly relevant proteins, we analyzed
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additional proteins which are predicted to interact with
those in situ and studied co-expression of several markers
by immunofluorescence. CD74 stained some muscle fibers
sarcolemmaly and co-localized with CD68+ macrophages
(Figure 3A), as well as with sarcolemmal MHC class II
immunoreactivity (Figure 3B). On the contrary, the macrophage
migration inhibitory factor MIF did not co-stain with CD74
(Figure 3C). Furthermore, our immunostaining studies revealed
that many CD163+ macrophages co-stained with Siglec1
(CD169) in the endomysium (Figure 3D).

In addition, Siglec1+ macrophages expressed the transcription
factor STAT1 in active myophagocytic clusters (Figure 4A),
while STAT6 was expressed endomysially (Figure 4B),
demonstrating the involvement of different yet complementary
immune mechanisms in the course of sIBM-associated muscle
inflammation. Importantly, both markers were also significantly
elevated on the transcript level in skeletal muscle biopsies
of sIBM patients as compared to NDCs (Figure 4E), with
gene expression of STAT1 being elevated around 15-fold,
and of STAT6 around 4,5-fold. Of note, activated MHC
class II+ macrophages strongly co-stained with key proteins
of the type I interferon pathway such as IRG8 and ISG15
(Figures 4C,D and Table 2).

DISCUSSION

In the present study, data from unbiased proteomic analysis
highlighted the presence of certain proteins playing decisive roles
in immune response to be highly abundant in sIBM patients’
skeletal muscle biopsies. In silico analyses and subsequent
morphological studies in skeletal muscle revealed their key
characteristics in pathways driving specific macrophage
responses. Along this line, Siglec1+ CD163+ and Siglec1+

STAT1+ macrophages were identified. Furthermore, MHC
class II+ macrophages co-expressed ISG15 and IRF8 in
patient-derived muscles highlighting a tight bond between
these activated macrophages and the type I and type
II interferon responses. Additionally, MHC class II+

macrophages and the sarcoplasm of adjacent muscle fibers
expressed CD74.

These findings have important implications for the current
understanding of the role of specifically activated macrophages
in the pathogenesis of sIBM. Several ways of addressing the
activation of macrophages in vivo and in vitro by using targeted
and unbiased approaches notoriously exist (13, 23–27). Flexible
states of macrophage activation have been found to occur
according to their vast duties in physiology and pathophysiology
of different diseases, specifically in chronic inflammatory and
fibrotic diseases (24, 28–31). In sIBM, the vast majority of
studies focusing on the immune-system have addressed the
adverse effects of systemic T cell function and dysfunction
or T cell dysfunction within the muscle itself (1, 5, 32–38).
In contrast, only few studies have had a broader approach
in tackling additional aspects of the immune response (48,
49) or genetic factors influencing the pathogenesis such as

the SQSTM1 or VCP variants (39). Proteomic analysis has
recently helped to decipher new and unexpected molecules
involved in the pathophysiology of sIBM such as FYCO1
and its role in autophagy or the composition of protein
aggregates in rimmed vacuoles (40). While the latter studies
have focused on the elucidation of vacuole pathophysiology,
in the present study we have used the whole protein extracts
of skeletal muscle biopsies to obtain molecular information
about the entire tissue, and thus, to gain a better and
unbiased understanding of the etiology of the disease. This
approach revealed that CD74, CD163 and STAT1, driving
inflammatory responses, were at the forefront of the highly
expressed proteins within the diseased skeletal muscle tissue.
This finding accords with our hypothesis of a major role
for molecules driving macrophage polarization since sIBM
biopsies feature very strong immunity-related aspects over
all with macrophages being by far the most abundant cell
type in the lesion. Hence, we were able to characterize the
immunity of these macrophages in more detail and found
molecules identified by proteomic analysis and subsequently
verified by immunohistochemistry in biopsies which are strongly
related to type I/II interferon responses, specifically IRF8,
ISG15, GBP1, GBP1P1, HLA-DOB, IFIT3, STAT1, TAP2. Since
macrophages can adopt a great variety of functional states
(24, 31, 41, 42), it was not surprising to identify a further
important subgroup consisting of STAT1+Siglec1+ macrophages
in active myophagocytosis. This type of macrophages is
implicated in acute clearance of necrotic muscle fibers, a process
which, despite the explicitly chronic character of the disease
(active over decades), is a constant muscle biopsy feature. Of
note, we also identified STAT6+Siglec1+ macrophages in the
endomysium at distance of myophagocytic and necrotic fibers,
highlighting that both downstream transcription factors may
become activated in certain macrophages, which have then
different duties and fates. A specific immune phenotype of
Caucasian sIBM patients with HLA-A3 suggesting MHC class
I activation has been described (43), MHC class II staining
patterns were recently described for sIBM patients in comparison
to dermatomyositis and anti-synthetase syndrome-associated
myositis (44). This finding is in keeping with our proteomic
identification of elevated CD74, as a protein regularly interacting
with MHC class II molecules. Our findings also indicate that
macrophages (which are mentioned as being the most abundant
mononuclear inflammatory cells in skeletal muscle biopsies of
sIBM patients) have been underestimated as cellular key players
in the etiopathology of sIBM. The second relevant finding
of this study, is the type I and type II interferon response
identified both by proteomic profiling, subsequent in silico
studies, and immunohistochemistry, expanding previous data
where the interferon signature genes have been addressed by
transcriptomics (45). Notably, the signatures of type I and type II
Interferons, identified here, differ from the ones that have been

described to be crucial in dermatomyositis (45–47). Herewith,
the relevant role of macrophages as versatile multifunctional
immune cells playing a decisive role in the etiopathology of
sIBM was shown. These findings may define a molecular starting

Frontiers in Immunology | www.frontiersin.org 6 May 2019 | Volume 10 | Article 1040243

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


Roos et al. Proteomic Profiling in sIBM

TABLE 2 | List of proteins altered in abundance and controlled by interferon-mediated processes (based on “Interferome” database).

Acces-sion

#

Peptide

count/unique

peptides

Anova

(p)

Description Gene

Symbol

Ensembl ID Fold of regu-

lation [log2]

UPREGULATED PROTEINS

Q99972 1/1 0.04 Myocilin MYOC ENSG00000034971 6.49

P15153 1/1 <0.0005 Ras-related C3 botulinum toxin

substrate 2

RAC2 ENSG00000128340 5.21

P42224 9/9 0.01 Signal transducer and activator of

transcription 1-alpha/beta

STAT1 ENSG00000115415 4.99

Q14764 8/8 <0.0005 Major vault protein MVP ENSG00000013364 4.66

Q9UJU6 1/1 <0.0005 Drebrin-like protein DBNL ENSG00000136279 4.60

P08754 1/1 0.01 Guanine nucleotide-binding protein

G(k) subunit alpha

GNAI3 ENSG00000065135 4.44

P33241 1/1 0.02 Lymphocyte-specific protein 1 LSP1 ENSG00000130592 4.29

Q03519 1/1 0.01 Antigen peptide transporter 2 TAP2 ENSG00000204267

ENSG00000250264

3.95

O95865 2/2 <0.0005 N(G),N(G)-dimethylarginine

dimethylaminohydro-lase 2

DDAH2 ENSG00000213722 3.89

P32455 4/3 0.03 Interferon-induced

guanylate-binding protein 1

GBP1 ENSG00000117228

ENSG00000225492

3.72

Q9UKY7 1/1 <0.0005 Protein CDV3 homolog CDV3 ENSG00000091527 3.65

O14879 1/1 0.03 Interferon-induced protein with

tetratricopeptide repeats 3

IFIT3 ENSG00000119917 3.58

Q9UHD8 4/3 <0.0005 Septin-9 SEPT9 ENSG00000184640

ENSG00000261843

3.58

Q14203 3/3 <0.0005 Dynactin subunit 1 DCTN1 ENSG00000204843 3.46

P49756 1/1 <0.0005 RNA-binding protein 25 RBM25 ENSG00000119707 3.32

Q9Y3B3 1/1 0.01 Transmembrane emp24

domain-containing protein 7

TMED7 ENSG00000134970 3.19

P78559 1/1 0.02 Microtubule-associated protein 1A MAP1A ENSG00000166963 3.16

Q14980 1/1 0.02 Nuclear mitotic apparatus protein 1 NUMA1 ENSG00000137497 3.12

P35580 9/4 0.04 Myosin-10 MYH10 ENSG00000133026 2.91

P23142 3/3 0.02 Fibulin-1 FBLN1 ENSG00000077942 2.87

Q13033 1/1 0.01 Striatin-3 STRN3 ENSG00000196792 2.79

O75534 1/1 0.03 Cold shock domain-containing

protein E1

CSDE1 ENSG00000009307 2.77

Q99536 4/4 <0.0005 Synaptic vesicle membrane protein

VAT-1 homolog

VAT1 ENSG00000108828 2.77

Q9BSJ8 6/6 <0.0005 Extended synaptotagmin-1 ESYT1 ENSG00000139641 2.76

P62070 1/1 <0.0005 Ras-related protein R-Ras2 RRAS2 ENSG00000133818 2.75

Q07065 2/2 0.01 Cytoskeleton-associated protein 4 CKAP4 ENSG00000136026 2.75

Q9Y696 4/4 0.01 Chloride intracellular channel

protein 4

CLIC4 ENSG00000169504 2.75

O60240 9/8 0.05 Perilipin-1 PLIN1 ENSG00000166819 2.73

P32456 3/2 0.01 Interferon-induced

guanylate-binding protein 2

GBP2 ENSG00000162645 2.72

Q15075 4/3 0.02 Early endosome antigen 1 EEA1 ENSG00000102189 2.72

P04275 5/5 <0.0005 von Willebrand factor VWF ENSG00000110799 2.71

P04083 9/8 <0.0005 Annexin A1 ANXA1 ENSG00000135046 2.70

P51911 2/2 0.01 Calponin-1 CNN1 ENSG00000130176 2.66

Q9Y4L1 2/2 0.04 Hypoxia up-regulated protein 1 HYOU1 ENSG00000149428 2.61

P09936 5/4 0.02 Ubiquitin carboxyl-terminal

hydrolase isozyme L1

UCHL1 ENSG00000154277 2.57

P16070 1/1 <0.0005 CD44 antigen CD44 ENSG00000026508 2.52

(Continued)
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TABLE 2 | Continued

Acces-sion

#

Peptide

count/unique

peptides

Anova

(p)

Description Gene

Symbol

Ensembl ID Fold of regu-

lation [log2]

DOWNREGULATED PROTEINS

P02585 9/9 0.01 Troponin C, skeletal muscle TNNC2 ENSG00000101470 −2.25

P48788 12/12 0.01 Troponin I, fast skeletal muscle TNNI2 ENSG00000130598 −2.21

P45378 21/20 0.01 Troponin T, fast skeletal muscle TNNT3 ENSG00000130595 −2.19

P16219 5/5 0.02 Short-chain specific acyl-CoA

dehydrogenase, mitochondrial

ACADS ENSG00000122971 −1.83

P30711 3/2 0.01 Glutathione S-transferase theta-1 GSTT1 ENSG00000184674 −1.37

Q12797 1/1 0.01 Aspartyl/asparaginyl

beta-hydroxylase

ASPH ENSG00000198363 −1.11

P11217 55/42 0.01 Glycogen phosphorylase, muscle

form

PYGM ENSG00000068976 −1.10

Q8N335 8/7 0.01 Glycerol-3-phosphate

dehydrogenase 1-like protein

GPD1L ENSG00000152642 −1.10

FIGURE 3 | Double immunflorescent staining reveal functional interactions in sIBM patients’ muscle tissue. Co-staining of various proteins revealed that CD74

co-labels with CD68+ macrophages (A), and MHC class II (B), but not with the macrophage migration inhibitory factor MIF (C). In addition, CD163+ macrophages

partially co-express Siglec1 (D).

point for future therapeutic approaches in sIBM utilizing JAK-
STAT inhibitors.

SUMMARY

In summary, we demonstrate that unbiased proteomic profiling
of skeletal muscle biopsies provides important insights into

the molecular etiology of a disease and more precisely in
the context of sIBM revealed proteins prominently involved
in immunity and characterizing a pattern of macrophage
activation. Application of immunohistochemical verification
and analysis of these cells in the context of the type
I and type II interferon signature in situ allowed the
attribution of these proteins to specific functional states of
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FIGURE 4 | different subforms of macrophages, as well as type I interferon pathways are found in sIBM. We could demonstrate Siglec1+ macrophages, which

express STAT1 (A), or STAT6 (B), hinting at involvement of different macrophage subtypes in sIBM muscle inflammation. The activation of STAT1 and STAT6 could

also be demonstrated by significantly elevated gene expression levels (E), p < 0.01. MHC class II+ macrophages also clearly co-stained with key proteins of the type I

interferon pathway like IRF8 (C) and ISG15 (D).

macrophage activation. Hence, we show that several different
types of macrophages are actively affecting the immune
response in sIBM, via a prominent type I interferon signature
among others.
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Theoretical background: The Apolipoprotein E (APOE) ε4 genotype is known to be one

of the strongest single-gene predictors for Alzheimer disease, which is characterized by

widespread brain structural degeneration progressing along with cognitive impairment.

The ε4 allele status has been associated with brain structural alterations and lower

cognitive ability in non-demented subjects. However, it remains unclear to what extent

the visuospatial cognitive domain is affected, from what age onward changes are

detectable and if alterations may interact with cognitive deficits in major depressive

disorder (MDD). The current work investigated the effect of APOE ε4 homozygosity

on visuospatial working memory (vWM) capacity, and on hippocampal morphometry.

Furthermore, potential moderating roles of age and MDD were assessed.

Methods: A sample of n = 31 homozygous ε4 carriers was contrasted with n = 31

non-ε4 carriers in a cross-sectional design. The sample consisted of non-demented,

young to mid-age participants (mean age = 34.47; SD = 13.48; 51.6% female). Among

them were n = 12 homozygous ε4 carriers and n = 12 non-ε4 carriers suffering

from MDD (39%). VWM was assessed using the Corsi block-tapping task. Region of

interest analyses of hippocampal gray matter density and volume were conducted using

voxel-based morphometry (CAT12), and Freesurfer, respectively.

Results: Homozygous ε4 carriers showed significantly lower Corsi span capacity than

non-ε4 carriers did, and Corsi span capacity was associated with higher gray matter

density of the hippocampus. APOE group differences in hippocampal volume could
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be detected but were no longer present when controlling for total intracranial volume.

Hippocampal gray matter density did not differ between APOE groups. We did not find

any interaction effects of age and MDD diagnosis on hippocampal morphometry.

Conclusion: Our results point toward a negative association of homozygous ε4 allele

status with vWM capacity already during mid-adulthood, which emerges independently

of MDD diagnosis and age. APOE genotype seems to be associated with global brain

structural rather than hippocampus specific alterations in young- to mid-age participants.

Keywords: apolipoprotein E, visuospatial working memory, cognitive deficits, hippocampus, structural MRI,

Alzheimer, major depression

INTRODUCTION

Alzheimer disease (AD) is a leading cause of dementia and
associated with major cognitive and daily life impairments as
well as psychiatric symptoms, such as depressed affect, agitation,
and delusions (1). AD is a neurodegenerative disease that can be
linked to extensive cerebral atrophy typically affecting structures

involved in memory and cognition (2–4). Degenerations caused

by AD are typically progressive, and mild cognitive impairment

(MCI) can be found years before the outbreak of clinically
relevant symptoms and constitutes a risk factor for AD (3).
Both MCI and AD have been repeatedly associated with a
deterioration of the hippocampus and the entorhinal cortex (4).
Evidence from longitudinal studies suggests that these regions
are the first to be affected by observable structural alterations
in the course of AD (5, 6). Cerebral atrophies in these areas are
accompanied by neurocognitive decline in several domains (7) as
associative verbal memory (8), visuospatial memory (9, 10), and
reasoning (11).

Brain structural changes associated with AD have also been
shown to play a role in major depressive disorder (MDD)
(12). Furthermore, a lifetime history of MDD poses a risk
factor for developing AD later in life (13). However, the exact
interplay between AD, MDD and brain structural alterations
remains unclear.

The Apolipoprotein E (APOE) genotype is the strongest
known single predictor of AD. APOE ε4 allele dose has been
associated with higher risk and earlier onset of AD (14, 15).
Heterozygous ε4 allele carriers are estimated to have a three-
fold, and ε4 homozygotes an eight- to fifteen-fold increased
risk to develop AD compared to subjects without an ε4 allele
(14, 15). The risk effect of the APOE genotype has been replicated
numerous times (16) and there is evidence that it is stronger in
female compared to male (17).

The APOE genotype has further been associated with
cognitive ability in elderly, non-demented samples. Evidence
from studies contrasting healthy ε4 allele carriers with
non-ε4 carriers suggests better performance in episodic
memory (18, 19), working memory (20) and global cognitive
functioning (21) in favor of non-ε4 carriers. However, empirical
evidence is inconclusive with a considerable number of
contradicting findings (21). Heterogeneity of findings may reflect
methodological differences in ε4 allele status categorization

(coding of zygosity), in the selection and operationalization
of cognitive domains, as well as varying sample characteristics
regarding age (21). Strongest effects of the APOE genotype
have been found in elderly samples above 60 years and for
APOE ε4 homozygotes (21). The role of the APOE status
for the visuospatial domain has been discussed particularly
controversially. There is some evidence for a visuospatial deficit
in non-demented ε4 carriers that are mid-adult age (22) and
elderly (23), however with no deficit found in a subgroup of
age 80 and older (24). Although most studies investigating the
APOE effect on cognition examine elderly samples deteriorating
genotype effects on visuospatial performance can also be found
in children (25) with some evidence for stronger deficits in
girls (26). Contrasting findings exist (19) and a meta-analysis
concluded that there is little evidence for group differences for
the visuospatial domain between ε4 carriers and non-carriers
(21). However, due to insufficient available sample sizes this
meta-analysis did not carry out analyses comparing homozygous
ε4 carriers with non-ε4 carriers, which might be an important
biasing factor.

The effect of APOE status on cognitive ability appears to come
along with functional and structural brain alterations. Evidence
from an early PET study suggests inhibited glucosemetabolism in
ε4 homozygotes in temporal, frontal, and parietal regions, as well
as the posterior cingulum already in a non-dementedmid-elderly
sample with normal cognitive functioning (27). Further, findings
of hippocampal volume reductions are reported in healthy elderly
ε4 homozygotes (28) as well as structural alterations in the
temporal lobe in heterozygous ε4 carriers in a sample of healthy
adults with a wide range of age (29).

A review (30) and a meta-analysis (31) further support these
findings of structural alterations particularly in the hippocampal
region in healthy elderly subjects as a function of the APOE
genotype. However, evidence seems to be inconclusive regarding
the role of heterozygous ε4 carriers as some studies find an
ε4 dose effect, some find a similar degree and rate of cerebral
atrophy for heterozygotes as for homozygotes while other studies
find heterozygotes to be indifferent from non-ε4 carriers in
respect to brain structural alterations (30). The degree to which
studies differentiate the APOE genotype, and what genotypes
are categorized as ε4 carriers vary. This has direct implications
for methodological considerations of studies investigating APOE
effects in that designs should differentiate ε4 allele dosage.
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The evidence for a detrimental effect of the APOE ε4
allele on hippocampal structure as well as on vWM task
performance raises the question if the hippocampal region
might be the neuronal locus of the APOE genotype affecting
the vWM. Although the visuospatial cognitive domain is
commonly associated with the frontoparietal network (32) there
are also studies linking it to the hippocampus. Performance
in the Corsi block tapping task has been shown to be
impaired in subjects with lesions in the right temporal lobe
(33), and to be associated with augmented activation in the
hippocampus in addition to frontoparietal regions (34). Other
studies report that lower vWM capacity is associated with
structural characteristics of the hippocampus, as lesions (35)
and atrophy (36).

Brain structures and cognitive domains affected by the
APOE genotype (as outlined above) are also closely related to
detrimental processes involved in MDD (37, 38). There are
studies linking MDD to a two-fold increased risk of AD (13)
as well as at least one study suggesting that APOE genotype
moderates this risk (39) and evidence linking APOE genotype
to an increased risk for depressive symptoms (40). However, the
exact interplay between the APOE gene, MDD, cognitive decline,
and AD remain largely unresolved. Taylor et al. (41) investigated
a sample containing MDD and healthy subjects and found no
differences in various cognitive domains and structural MRI in
function of ε4 presence (not differentiating between ε4 zygosities)
regardless of diagnosis.

Small sample sizes of homozygous ε4 carriers are a common
problem in APOE research due to the rare co-occurrence of
two ε4 alleles [prevalence 2.9% (42)]. Only few studies exist that
include sufficient sample sizes of ε4 homozygotes and further
provide structural brain imaging data, and behavioral cognition
measures. Despite the potential importance of MDD for APOE
effects even fewer studies include mid-age subjects with MDD
subsamples. Most studies including these aspects investigate
elderly samples, while not differentiating ε4 zygosity (43, 44). To
our knowledge only one study exists that included mid-ageMDD
subjects, however also not differentiating ε4 zygosity (41). We
know of no study that has been published combining structural
MRI data, and neuropsychological data in mid-age subjects, that
includes homozygous ε4, and MDD subsamples.

The goal of the current work was to investigate the
relationship of the APOE genotype with visuospatial working
memory (vWM) and brain structural alterations first and
foremost in the hippocampus in a young- to mid-age,
non-demented sample. Further objectives were to identify
potential moderators of these relationships, namely age and
MDD diagnosis. Importantly homozygous ε4 carriers were
operationalized as the genetic risk group and contrasted with
a sample without ε4 allele as the literature outlined above
suggests effects of the APOE genotype to be most pronounced
for homozygotes. We hypothesized that 1) ε4 homozygotes
show on average lower vWM performance compared to
non-ε4 carriers, 2) vWM performance correlates positively

FIGURE 1 | Sample flowchart showing all data exclusion steps for both genotype groups.
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with hippocampal volume and gray matter density, and 3)
homozygous ε4 carriers exhibit smaller volume and gray
matter density in the hippocampal area compared to non-
ε4 carriers.

METHODS

Participants
A sample of N = 1,141 adult subjects with complete cross-
sectional MRI and neuropsychological data was available from
the FOR2107 Marburg-Münster Affective Cohort Study (MACS)
(45) which includes subjects with MDD and healthy control
(HC) subjects. Exclusion criteria were any history of neurological
(e.g., concussion, stroke, tumor, neuro-inflammatory diseases)
and medical (e.g., cancer, chronic inflammatory or autoimmune
diseases, heart diseases) conditions as well as substance-related
addiction, and MRI contraindications. The study sample was
selected based on the genotype of the APOE gene. Within the
FOR2107 MACS cohort a study sample of n = 31 homozygous
ε4 carriers was available which was contrasted with n = 31
non-ε4 carriers that were matched for age, sex, and diagnosis.
For Freesurfer (FS) analyses a sample of N = 60 (n = 30 ε4
homozygotes; n = 30 matched controls) was available due to
missing data for one of the ε4 homozygotes. The sample selection
process is depicted in Figure 1.

The final sample of N = 62 included n = 24 MDD patients
and n = 38 HC subjects. The mean age of the sample was 34.47
(SD = 13.48), ranging from 19 to 63 with 51.6% of the sample
being female. A more detailed description of the distribution of
demographic characteristics can be found in Table 1.

Subjects from the MACS cohort were recruited using
advertisement in psychiatric hospitals, and outpatient
therapeutic offices as well as advertisement in other public
places and newspapers. Data were collected at the Departments
of Psychiatry either at the University of Marburg or at the
University of Münster. Before study participation, all subjects
gave written and informed consent. All participants received a
financial compensation.

Materials and Procedure
Neuropsychological Assessment
The Corsi block tapping task (33) was administered in a forward
and a backward version. This task is a well-established measure
of vWM that has shown to be sensitive for cognitive decline
associated with AD (46–48). A mean individual block span
capacity was calculated over both version scores regarding a
lack of evidence for conceptual differences between both version
performances (49).

Clinical Assessment
A structured clinical interview for DSM-IV (SCID-I) was
conducted with each participant in order to assess current and
lifetime psychopathological diagnoses (50). All subjects allocated
to the MDD group in this study either fulfilled the DSM-IV
criteria for an acute major depressive episode or had a lifetime
history of a major depressive episode. All HC subjects were

TABLE 1 | Demographic characteristics of the final study sample.

ε4 homozygotes Non-ε4 carriers

n Mean age (SD) n Mean age (SD)

MDD

Male 7 41.86 (15.25) 7 41.71 (15.13)

Female 5 35.40 (18.12) 5 35.40 (18.12)

Total 12 39.17 (16.03) 12 39.08 (15.96)

HC

Male 8 24.50 (2.78) 8 24.50 (2.78)

Female 11 36.64 (12.49) 11 36.64 (12.49)

Total 19 31.53 (11.30) 19 31.53 (11.30)

ensured to be free from presence or any history of psychiatric
disorders according to DSM-IV criteria.

Structural Image Acquisition and Processing
T1-weighted high-resolution anatomical images were acquired
for all participants. Two MRI scanners were used for data
acquisition located at the sites in Marburg and Münster with
different hardware and software configurations. InMarburg, a 3T
MRI scanner (Tim Trio, Siemens, Erlangen, Germany) was used
combined with a 12-channel head matrix Rx-coil. In Münster,
data were acquired at a 3T MRI scanner (Prisma, Siemens,
Erlangen, Germany) using a 20-channel head matrix Rx-coil.
Pulse sequence parameters were standardized across both sites
to the extent permitted by each platform. Further details of the
imaging procedures and implemented quality assurance protocol
have been extensively described elsewhere (51).

Image preprocessing has been conducted using two
complementary approaches that have frequently been described
in our previous work: voxel-based morphometry (VBM) (52–
54) using CAT12 (http://dbm.neuro.uni-jena.de/cat/) and FS
(53, 55) based automatic segmentation (Version 5.3) with default
parameters (https://surfer.nmr.mgh.harvard.edu/).

CAT12 preprocessing was done using default parameters:
Briefly, images were bias-corrected, tissue classified, and
normalized to MNI-space using linear (12-parameter affine) and
non-linear transformations, within a unified model including
high-dimensional DARTEL-normalization. The modulated gray
matter images were smoothed with a Gaussian kernel of 8mm
FWHM.Absolute thresholdmasking with a threshold value of 0.1
was used for all second level analyses as recommended for VBM
analyses (http://www.neuro.uni-jena.de/cat/). Image quality was
assessed by visual inspection as well as by using the check for
homogeneity function implemented in the CAT12 toolbox.

For all analyses using FS based segmentations, volumetric
measures of the hippocampal region were used (56). Quality
checks of segmentations were done visually and based on a
statistical outlier analysis following a standardized protocol
provided by the ENIGMA consortium (http://enigma.ini.usc.
edu/protocols/imaging-protocols).
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Genotyping and Quality Control
DNA was extracted from EDTA blood samples using the
chemagic 360 instrument (PerkinElmer, Waltham, MA, USA).
Individuals were genotyped using the Infinium PsychArray
BeadChip (Illumina, San Diego, CA, USA) and standard
protocols. Genotyping was performed at the Institute of Human
Genetics, University Hospital Bonn, Germany. Clustering and
initial quality control were conducted using GenomeStudio
v.2011.1 (Illumina, San Diego, CA, USA) and the Genotyping
Module v.1.9.4. Quality control procedures were implemented
using PLINK (57) on the FOR2107 dataset. Samples with
low genotype rates <95%, sex inconsistencies (X-chromosome
heterozygosity), and genetically related individuals were not
included in the present study. We also excluded SNPs that had
a poor genotyping rate (<95%), strand ambiguity (A/T and C/G
SNPs), a minor allele frequency (MAF) <1%, or that showed
deviation from Hardy-Weinberg Equilibrium (p < 10−6). The
quality controlled genotype data was imputed in the Michigan
imputation server (https://imputationserver.sph.umich.edu) (58)
using the Haplotype Reference Consortium reference panel
(v3.20101123). The hard called genotypes for the single
nucleotide polymorphisms (SNPs) rs7412 and rs429358 in APOE
were extracted from the imputed dosage using PLINK. Both the
SNPs were imputed with high accuracy (R2

> 0.99). Participants
homozygous for the ε4 allele (ε4/ε4) were contrasted with
subjects without an ε4 allele (genotypes ε2/ε2, ε2/ε3, or ε3/ε3).

Statistical Analyses
APOE Status and Visuospatial Working Memory
In order to test our first hypothesis (expecting reduced vWM
performance in ε4 homozygotes), APOE genotype was entered
as a predicting factor for Corsi block span in a general linear
model. Age, sex, and presence of MDD diagnosis were included
as covariates in the model.

Visuospatial Working Memory and Hippocampus
The second hypothesis (positive correlation between vWM
performance and hippocampus morphometry) was similarly
tested using a general linear model. Total intracranial volume
(TIV) and scanner site were used as covariates in addition to the
covariates age, sex, and MDD diagnosis, while Corsi block span
was used as the predictor variable. For this analysis step both
(a) FS based analysis using hippocampal volumes as dependent
variable (including hippocampal laterality as a within-subject
factor in the model) and (b) VBM region of interest analysis of
the hippocampus were conducted.

APOE Status and Hippocampus
Identical analyses as for the second hypothesis were used for
the investigation of our third hypothesis (negative relationship
between homozygous ε4 status and hippocampal morphometry),
except that APOE status was used as a predictor instead of Corsi
block span. Again the model was used for the prediction of
(a) hippocampal volume, and (b) gray matter density (VBM)
in two separate analyses in accordance with analyses testing the
second hypothesis.

General Aspects and Exploratory Analyses
Generally, all analyses were based on a significance threshold of
p < 0.05, unless noted differently. However, as all hypotheses
were clearly one-sided, halved p-values are reported regarding
the main hypotheses (effect of APOE status on vWM, effect of
vWM on hippocampal morphometry, and effect of APOE status
on hippocampal morphometry) if not specified otherwise. Any
interaction terms, and whole brain effects tested for significance
were regarded as exploratory and thereby tested two-sided.

VBM analyses were carried out using SPM12 (https://www.
fil.ion.ucl.ac.uk/spm/). The hippocampal mask for VBM analyses
was created bymeans of theWFU PickAtlas (59) according to the
AAL-Atlas (60) and dilated 2 mm.

To control for multiple comparisons, threshold-free cluster
enhancement (TFCE) corrections were applied for all VBM
analyses using N = 1,000 permutations and a cluster size
weighting of E= 0.5.

All further analyses were conducted with SPSS (version 25.0).
Partial η² values are reported as effect size measure for significant
effects. Reported effect sizes of VBM analyses are based on
extracted eigenvariates on cluster level.

RESULTS

APOE Status and Visuospatial Working

Memory
In order to test our first hypothesis vWM was predicted with
APOE genotype in the above described model. Results yielded a
significant main effect of APOE status [F[1, 57] = 6.21, p= 0.02, η²
= 0.10] with lower Corsi block span in APOE ε4 carriers. Further,
a main effect of diagnosis emerged [F[1, 57] = 4.21, p= 0.05, η²=
0.07] with lower mean block span in MDD subjects. The model
yielded no further main effects (all other p > 0.53).

When adding an interaction term between APOE status and
age it turned out non-significant [F[1, 56] = 0.21, p= 0.65], as was
the interaction effect between APOE genotype and sex [F[1, 56]
= 2.22, p = 0.14]. Descriptively mean differences as a function
of APOE status were more pronounced for MDD compared to
HC subjects. However, testing an interaction term betweenAPOE
status and diagnosis also yielded a non-significant effect [F[1, 5] =
0.93, p = 0.34]. Mean differences in Corsi span over APOE and
diagnosis groups are depicted in Figure 2.

Visuospatial Working Memory and

Hippocampus
For our second hypothesis the general linear model described
above was fitted with Corsi block span predicting hippocampal
volume. Results yielded a non-significant effect of block span on
FS derived hippocampal volume [F[1, 53] = 0.34, p = 0.56]. The
main effect of diagnosis was significant [F[1, 53] = 6.63, p = 0.01,
η² = 0.11], with lower hippocampal volume in MDD compared
to HC subjects. No significant effect of hippocampal laterality
[F[1, 53] = 0.01, p = 0.94], and no other significant main effect
of interest was found (all other p > 0.47).

When interaction terms were added to the model, results
yielded a non-significant interaction effects between Corsi block
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FIGURE 2 | Mean Corsi block span capacity over APOE genotype and

diagnosis groups. Error bars represent 95% confidence intervals.

span and age [F[1, 52] = 0.03, p = 0.86], and between Corsi block
span and sex [F[1, 52] = 0.69, p = 0.41]. Testing an interaction
term between Corsi block span and MDD diagnosis also yielded
a non-significant interaction effect [F[1, 52] = 1.76, p = 0.19].
Exploratory analyses revealed that when removing TIV from
the model, the main effect of Corsi block span on hippocampal
volume becomes significant [F[1, 52] = 3.49, p = 0.03, η² = 0.06].
Further, when substituting hippocampal volume with TIV as
the criterion variable the main effect of Corsi block span was
significant [F[1, 54] = 5.49, p= 0.02, η²= 0.09], with higher Corsi
block span being associated with higher TIV.

In order to further investigate our second hypothesis, model
estimation was repeated within a VBM analysis. For the
hypothesized main effect of vWM on hippocampal gray matter
density the analysis yielded two marginally significant clusters
just above a TFCE-corrected significance threshold of p < 0.05
(left: k = 132, p = 0.05, x = −38, y = −28, z = −15, TFCE =

203.05, η²cluster = 0.18; right: k= 50, p= 0.07, x= 38, y=−24, z
=−18, TFCE= 181.78, η²cluster = 0.23).

Exploratory whole brain analysis for the main effect of
vWM revealed three clusters below the exploratory uncorrected
threshold of p < 0.001 with a minimum cluster size of 20 voxels
(k= 31, p < 0.001, x = 36, y =−14, z =−28; k= 21, p < 0.001,
x = 38, y =−22, z =−20; k= 20, p < 0.001, x =−38, y =−28,
z = −15). Clusters were located in the right parahippocampus,
fusiform gyrus, and hippocampus, as well as left temporal inferior
and fusiform gyrus, and left hippocampus but not in any other
region (see Figure 3).

APOE Status and Hippocampus
No significant main effect of APOE status on hippocampal
volume using the general linear model outlined above could
be detected [F[1, 53] = 0.67, p = 0.42]. However, a significant
main effect of MDD diagnosis [F[1, 53] = 7.87, p = 0.01, η² =
0.13] was found, with smaller hippocampal volume in the MDD
group compared to the HC group. No within-subject effect of
hippocampus laterality [F[1, 53] = 0.33, p = 0.57], and no other
main effects of interest emerged (all other p > 0.41).

When adding an interaction term between APOE status and
age to the model this yielded a non-significant interaction effect
[F[1, 52] = 0.12, p = 0.73]. Adding an interaction term between
APOE status and sex also yielded a non-significant effect [F[1, 52]
= 0.03, p = 0.86]. The interaction between APOE status and
diagnosis was also non-significant [F[1, 53] = 0.05, p = 0.82].
Exploratory analyses revealed that when removing TIV from
the model, hippocampal volume was significantly predicted by
APOE genotype [F[1, 54] = 11.64, p = 0.001, η² = 0.18]. In order
to further explore the role of TIV, the same model as described
above was applied to predict TIV instead of hippocampal volume
in a subsequent analysis. This yielded a significant main effect
of APOE status [F[1, 54] = 25.59, p < 0.001, η² = 0.32], with
lower mean TIV in ε4 homozygotes. Mean TIV and hippocampal
volume over APOE genotype is depicted in Figure 4.

VBM model estimation yielded no clusters beyond
significance threshold for the APOE genotype contrast at a
TFCE-corrected significance level of p < 0.05. Exploratory whole
brain VBM analysis using the same model yielded eight clusters
beyond an exploratory uncorrected threshold of p < 0.001 and
a minimum cluster size of 20 voxels (see Table 2). No clusters
remained significant when applying TFCE corrections on whole
brain level. When using the exploratory uncorrected threshold
at p < 0.001 with a minimum cluster size of 20 voxels no clusters
emerged for the inverted contrast of greater gray matter density
in the ε4 homozygotes on whole brain level.

DISCUSSION

The main finding of the present study is that APOE ε4
homozygosity is associated with lower vWM ability already in
young to mid-age, non-demented subjects. Effect size estimates
indicate a medium sized effect. This effect seems to be age-
independent within the age range of our sample (19–63 years)
and is of comparable magnitude in the MDD subsample as in
the HC sample. Similarly, we found lower vWM capacity in
people with MDD diagnosis compared to HC subjects. Although
some evidence was found that hippocampal gray matter density
was associated with vWM, no specific relationship was detected
between vWMand hippocampal volumewhen including TIV as a
covariate. Furthermore, both measures of hippocampal structure
(gray matter density and volume) did not significantly differ
between genotypes in our sample when controlling for global
brain structural measures. In addition, a specific effect of MDD
diagnosis on hippocampal volume was found which appeared to
be independent from APOE genotype.

Previous work investigating the influence of APOE genotype
on cognitive abilities present a general trend of lower abilities
in various cognitive domains for ε4 carriers (18, 20, 21, 24, 41,
61). Although some studies also find differences regarding the
visuospatial domain (24, 25) the evidence is more inconsistent
in this field and a meta-analysis even concluded that there is
little evidence for an impact on the visuospatial domain by
the APOE gene (21). This may hold true for heterozygous ε4
carriers compared to non-ε4 carriers (as most studies compare
these groups). However, little research exists including valid
sample sizes of ε4 homozygotes. The current study provides a
comparatively large sample size of ε4 homozygotes. It revealed
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FIGURE 3 | VBM whole brain results showing clusters with a positive correlation of gray matter density with Corsi span in the general linear model. Results are

presented below an exploratory uncorrected significance threshold of p < 0.001 with a minimum cluster size of 20 voxels. Clusters are located in the left temporal

inferior and fusiform gyrus and left hippocampus, and in the right parahippocampus, hippocampus, and fusiform gyrus.

FIGURE 4 | Mean hippocampal volume (A), and mean total intracranial volume (TIV) volume (B) differences over APOE genotypes. Depicted hippocampal volumes

were calculated as mean volumes between left and right laterality. Error bars represent 95% confidence intervals. VBM results of the contrast that ε4 homozygotes

have lower gray matter density than non-ε4 carriers are depicted at the bottom (C). Presented clusters correspond to the clusters described in Table 2.

medium sized group differences for the Corsi block-tapping task
performance. As measures of visuospatial ability vary between
studies it cannot be ruled out that the effect shows more in
the Corsi task than other tasks of visuospatial performance that

might tax domain components differently (for example more or
less taxing of executive components of working memory).

The findings of the current study suggest that both APOE
status and MDD diagnosis have deteriorating effects on vWM,
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TABLE 2 | Clusters above exploratory uncorrected significance threshold

p < 0.001 with minimum voxel number of 20 for the contrast of lower gray matter

density in homozygous APOE ε4 carriers.

Main area kE Peak voxel coordinates Peak voxel coefficients

x y z t p

Supramarginal gyrus 51 −52 −30 30 4.62 0.000

Angular gyrus 26 33 −57 34 4.24 0.000

Supramarginal gyrus 119 48 −40 42 3.74 0.000

Precuneus 20 6 −58 68 3.70 0.000

Superior frontal gyrus 31 20 69 15 3.66 0.000

Calcarine 311 −24 −62 8 3.64 0.000

Cerebellum 46 2 −50 −58 3.40 0.000

Middle temporal gyrus 26 −63 −22 0 3.24 0.001

Uncorrected p-values of peak voxel differences are reported.

which appear to be of an additive nature. In contrast a
longitudinal study investigating the interplay between depression
and APOE status on AD risk, proposes an interactional
relationship, as that depression constitutes a risk factor only
in ε4 carriers (39). Regarding cross-sectional effects in mid-life,
our results are in line with other evidence proposing that MDD
and ε4 effects on cognitive ability are rather additive (41, 62)
suggesting that interactional effects might only show later in life
and/or in combination with demential processes.

The literature addressing interaction effects between APOE
genotype and age on cognitive ability is very heterogeneous
depending on cognitive measures and age span under
investigation. Most studies finding cognitive decline effects
in APOE ε4 carriers have investigated elderly samples from
60 years upwards (63). Evidence is mixed for mid-age samples
(61) while a meta-analysis regarding children and young adults
suggest no cognitive differences dependent on APOE status (64).
For the sample investigated in the current study no moderating
influence of age on APOE effects on cognition became evident.
Genotype effects were further not found to be moderated
by sex.

Regarding the relationship between vWMand brain structural
measures the results found here hold several important insights.
Two measures of hippocampal morphometry were used in
the current study and findings varied depending on the
measure. While hippocampal volume was not associated with
vWM capacity, gray matter density was marginally significantly
increased in higher vWM capacity individuals. Furthermore,
exploratory additional analyses indicated that the effect on
hippocampal volume was masked by the covariate TIV (possibly
suggesting a more unspecific, global association), while the
exploratory whole brain VBM analysis suggested a specific
effect located in the hippocampal and parahippocampal area
(as no other areas were associated with vWM capacity).
Findings suggest a global correlate of vWM regarding volumetric
measures, while gray matter density seems to be associated
with vWM specifically in the hippocampal and parahippocampal
regions. Other findings suggesting a local link between the
hippocampus and vWM capacity have used different measures

of brain function (9, 34) and structure, as lesions (10, 35), gray
matter density (9), and volume (36).

The pattern of results found in the current study suggests
that although the ε4 allele may be associated with lower
vWM capacity, the neuronal locus of this effect is not the
hippocampal region specifically. Previous findings suggest a
robust deteriorating APOE ε4 effect on hippocampal structure
that supposedly is most pronounced for ε4 homozygotes (30,
31). However, in the current study we were unable to replicate
group differences of hippocampal morphometry in dependence
of APOE status (neither for a volumetric, nor for a gray matter
density measure) after controlling for global brain measures.
This finding is particularly surprising since we contrasted ε4
homozygotes with non-ε4 carriers. One possible explanation
is given by Cherbuin et al. (30): the authors reviewed studies
showing an effect and studies with contradicting findings, and
propose that a potential effect of APOE genotype on hippocampal
alterations may show only in a narrow age range around ∼70
years. It is suggested that samples below the age of 60 years
may not be affected yet, while an APOE effect may be masked
by more general age-related alterations in samples over 80 years
(30). This interpretation would be in line with our findings
as most participants of our sample are considerably younger.
A different explanatory approach arises from our exploratory
analyses that revealed that the relationship between APOE status
and hippocampus is covered by the covariate TIV that may have
toomuch explanatory variance in commonwith the hippocampal
volume. One interpretation of this finding is that the APOE
genotype affects the cerebral morphometry on a more global
level. This interpretation is in line with a brain reserve hypothesis
that implies that a globally increased brain volume serves as a
protective factor regarding demential processes (65). Although
this hypothesis has been discussed controversially (66, 67) our
findings suggest that a protective effect of the APOE genotype
(not having an ε4 allele) regarding AD might be mediated by
global TIV. Further, it is also possible that the smaller TIV
of ε4 homozygotes does not constitute a causal link between
genotype and AD risk but is a byproduct of other neuronal
processes. Either way, although the rational of controlling for
TIV in brain morphology analyses seems straight forward, one
should be aware that controlling for TIV variance might also
covert morphometric effects of interest (68).

Causality of a genotype on an associated present phenotype
cannot be definitely concluded as linkage disequilibrium with
other causal factors cannot be ruled out (69). However, there
is some evidence for a causal effect of the APOE genotype
on visuospatial ability coming from animal models showing a
reduced performance in a water maze task in APOE knockout
mice with synthetic human APOE ε4 compared to APOE ε3
(70). Even though the translation to humans is not certain this
finding supports the notion of a causal effect of APOE genotype
on cognition in the current study. Owing to the cross-sectional
nature of our data the reported link between brain structure and
vWM cannot be interpreted regarding to its causal direction.

Major strengths of the current work comprise the relatively
large sample of ε4 homozygotes compared to previous studies
(bearing in mind that this cohort was obtained from a total of N
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= 1,141). Anothermajor strength lies in the inclusion of cognitive
as well as brain structural data.

The results of the current study underlie several limitations
which have been addressed in part. Firstly, only homozygous
ε4 carriers were compared to non-ε4 carriers. Consequently,
no conclusions can be derived regarding a potential dose effect
of the ε4 allele status, and also no differential conclusions
can be made about subgroups of different non-ε4 genotypes.
Further, despite the availability of a large initial sample only
a relatively small study sample of ε4 homozygotes could be
included due to a naturally low occurrence rate of the ε4 allele.
Thus, small effects are more difficult to detect and it cannot
be ruled out that associations with small effect sizes can be
found in higher-powered studies that were not significant in
the current study. This could for example concern a potential
interaction effect of MDD diagnosis and APOE status that was
descriptively looming in the current study but did not become
significant. A potential interaction of age and APOE status could
particularly be affected by small sample sizes because samples
have to be sufficiently powered across the whole age-range under
investigation. The current study does not allow conclusions
about age effects below the age of 19 and above the age of
63. Further, interactions of small effect sizes may be present
within this range.

Furthermore, conclusions derived regarding the vWM
capacity are to be interpreted with caution as the concept of
vWM is rather heterogeneous and results may vary over different
measures of vWM.

CONCLUSIONS

Combined results suggest that a detrimental effect of APOE
genotype on vWM capacity exists and might be mediated
by global volumetric measures rather than by region-specific
volumetric or gray matter density measures. More specific
hippocampus alterations as a function of APOE status may
occur later in life but do not become evident in our young- to
mid-age sample.

More longitudinal high-powered studies investigating the
interplay between the APOE genotype, MDD and cognitive
deficits, as well as neuronal processes involved are needed. It
is important that future studies include sufficient sample sizes
of ε4 homozygotes. Large multi-centered studies constitute a
promising approach for achieving this goal.
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Besides being affected by the rare and severe primary angiitis of the central nervous

system (PACNS) the nervous system is also affected by primary systemic vasculitides

(PSV). In contrast to PACNS, PSV affect not only the central but also the peripheral

nervous system, resulting in a large array of potential symptoms. Given the high

burden of disease, difficulties in distinguishing between differential diagnoses, and

incomplete pathophysiological insights, there is an urgent need for additional precise

diagnostic tools to enable an earlier diagnosis and initiation of effective treatments.

Methods available to date, such as inflammatory markers, antibodies, cerebrospinal

fluid (CSF) analysis, imaging, and biopsy, turn out to be insufficient to meet all current

challenges. We highlight the use of biomarkers as an approach to extend current

knowledge and, ultimately, improve patient management. Biomarkers are considered

to be useful for disease diagnosis and monitoring, for predicting response to treatment,

and for prognosis in clinical practice, as well as for establishing outcome parameters

in clinical trials. In this article, we review the recent literature on biomarkers which

have been applied in the context of different types of nervous system vasculitides

including PACNS, giant-cell arteritis, Takayasu’s arteritis, polyarteritis nodosa, ANCA

(anti-neutrophil cytoplasm antibody)-associated vasculitides, cryoglobulinemic vasculitis,

IgA vasculitis, and Behçet’s disease. Overall, the majority of biomarkers is not specific for

vasculitides of the nervous system.

Keywords: PACNS, Primary systemic vasculitides, biomarkers, inflammation, differential diagnoses

INTRODUCTION

Primary angiitis of the central nervous system (PACNS) is a rare and often devastating
disease with high morbidity and mortality. Major clinical manifestations include ischemic and
hemorrhagic stroke, headache and encephalopathy (1). In addition to PACNS, the nervous
system may be also affected by primary systemic vasculitides (PSV), which manifest primarily
in the context of vasculitides of small and medium sized vessels, e.g., in ANCA-associated
vasculitides and polyarteritis nodosa. Due to the severity of nervous system involvement,
aggressive immunosuppressive treatments, e.g., high-dose glucocorticoids and cyclophosphamide,
are frequently required for remission induction in both, PACNS and PSV. Nonetheless, chronic
neuronal damage and persisting symptoms are frequent, even after early immunosuppressive
treatment initiation (1).
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With respect to the high disease burden there is an urgent
need for additional precise diagnostic tools enabling an early
diagnosis and treatment initiation. The use of biomarkers may
emerge as a valuable approach to overcome these problems. The
term “biomarker” is based on the two words “biological” and
“marker.” Biomarkers can be extracted from different kinds of
body fluids and tissues, and are applied as surrogate parameters
for various medical conditions (2, 3).

This review aims to give a concise overview of current
areas of application for biomarkers with regard to pathogenesis,
clinical manifestation, and management of PACNS and those
PSV with nervous system involvement. Although biomarkers
derived from biopsy specimens are of unquestionable value,
this review puts special emphasis on biomarkers derived from
body fluids, because biomarkers that can be isolated from
body fluids are more likely to be integrated in daily clinical
practice (3).

BIOMARKERS IN PRIMARY ANGIITIS OF

THE CENTRAL NERVOUS

SYSTEM (PACNS)

PACNS is an important cause of stroke and is difficult to
differentiate from other conditions that also result in stroke
(4). Men are affected twice as often as women. The mean
age at disease onset is 50 years (5). Symptoms of PACNS
are diverse and not specific. Among them are, in particular,
headache, altered cognition, and focal neurologic deficits such
as hemiparesis, hemihypesthesia, ataxia, aphasia, dysarthria, and
visual disturbances (6). Further typical clinical manifestations
are seizures and encephalopathy. The gold standard for
the diagnosis of PACNS is a biopsy of brain parenchyma
and leptomeninges. Due to possible sampling errors, a
negative result does not necessarily mean that PACNS can
be ruled out, though (7). Further examinations, including
magnetic resonance imaging (MRI), magnetic resonance
angiography (MRA), digital subtraction angiography (DSA),
or cerebrospinal fluid (CSF) analysis exhibit a rather high
degree of sensitivity whereas specificity assumes low values (8).
Well-known markers of inflammation and autoimmunity, such
as C-reactive protein (CRP), erythrocyte sedimentation
rate (ESR), rheumatic antibodies (ANA, dsDNA, ENA,
ANCA), and oligoclonal bands do not play a decisive role
in PACNS (9).

Our own group retrospectively analyzed the composition
of CSF immune cells in patients with PACNS in comparison
with sex- and age-matched patients with ischemic stroke,
multiple sclerosis, and somatoform disorders by means of multi-
parameter flow cytometry (10). PACNS patients were shown
to have higher CSF leukocyte counts than controls (10). Some
individuals exhibited a shift toward NK (natural killer) or B cells
while proportions of T cell subsets remained unmodified. In
other patients, we detected higher numbers of plasma cells and
an immunoglobulin synthesis within the central nervous system
(10). Altogether, characteristics of the intrathecal immune-cell
profile were heterogenous in PACNS patients in this study (10).

Ruland et al. employed ion mobility mass spectrometry
for unbiased proteomic profiling to further elucidate the
pathophysiologic principles and potential biomarkers of PACNS,
and identified fourteen proteins from neuronal structures that
might be of importance, among others amyloid—beta A4 protein
(APP) (11). Amyloid-beta proteins are metal chelators which
reduce metal. They are said to activate mononuclear cells in
the central nervous systems and evoke inflammatory processes.
Both, APP or its fission product beta-amyloid, respectively, are
known to be involved in other diseases of the vasculature of
the central nervous system, e.g., Amyloid Beta-Related Angiitis
(ABRA) (9, 11). This is why the authors highlight the possibility
of inflammatory and degenerative processes being intertwined in
PACNS (11).

Thom et al. evaluated the potential role of the
proinflammatory cytokine interleukin-17 (IL-17), measured
in the CSF by flow cytometry, as a biomarker for cerebral
vasculitis in patients with stroke. As a major finding, Thom et al.
found a marked and persisting increase in IL-17 production
in individuals with PACNS compared to patients with non-
inflammatory neurological diseases (12). Another study supports
the concept of CD4+ T cells being of major importance in
vasculitic conditions by detecting an elevated percentage of
this cell type in the CSF of individuals with amyloid-ß related
cerebral angiitis (13), thus suggesting intrathecal CD4+ T cells as
a possible biomarker in PACNS.

The amount of circulating von Willebrand factor antigen
(vWF) seems to correlate with a clinical global assessment of
disease activity in childhood PACNS (14). vWF is a glycoprotein
important for platelet aggregation and the protection of
coagulation factor VIII from proteolysis (15). vWF is released
by endothelial cells after vascular injury. Consequently an
increase in vFW levels may indicate inflammatory processes
of the vasculature (14). vWF seems to be an informative
indicator of active inflammation in infants but not in adults
due to increasing vWF levels with age (14). In Cellucci’s study,
increased vWF antigen levels were detected at the timepoint
of diagnosis in 65% of children with PACNS and showed a
significant decrease after treatment initiation (14). The authors
found that elevated values of vWF antigen at the timepoint
of diagnosis might be indicative of a less active cPACNS
after 12 months of course of disease (14). Therefore, vWF
antigen represents a promising biomarker of disease activity in
children. One of the study’s limitations is that results have been
derived from experiences at a single medical center in Canada.
Consequently its findings cannot be generalized, the more so
as adult patients were not examined (14). To overcome these
limitations, further investigations in children and adults should
be carried out.

In contrast to vWF, the acute phase reactants C-reactive
protein (CRP) and erythrocyte sedimentation rate (ESR) did not
show a correlation with disease activity, which is not surprising,
given that their levels are known to increase in response to
many kinds of inflammatory states not necessarily linked to the
vasculature (14).

Taking the above mentioned limitations into consideration,
none of these potential biomarkers is sufficiently tested and
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validated in adult patients with PACNS. For a summary of
biomarkers, see Tables 1, 2.

BIOMARKERS IN PRIMARY

SYSTEMIC VASCULITIDES

The biomarkers currently used for PSV are well-known and
were established before the use of the term “biomarker.” The
majority of such markers are highly useful for diagnosing
systemic vasculitis. Among others, antibodies to proteinase-
3 (PR3) and myeloperoxidase (MPO) are highly specific
for ANCA (anti-neutrophil cytoplasm antibody)-associated

TABLE 1 | Summary of traditional and already sufficiently tested biomarkers and

their meaning in vasculitides with neurological manifestations.

Type of vasculitis Biomarker Meaning

Primary angiitis of the

central nervous system

– –

Giant-cell arteritis CRP, ESR Inflammatory markers,

diagnosis, monitoring

disease activity

IL-6 Disease activity

Takayasu’s arteritis IL-6 Disease state and

activity

Polyarteritis nodosa – –

ANCA (anti-neutrophil

cytoplasm

antibody)-associated

vasculitides

CRP to serum albumin

ratio

All-cause mortality

Delta neutrophil index Correlation with

Birmingham vasculitis

activity score;

Predicting course of

disease/relapses

PR3-ANCA,

MPO-ANCA

Diagnosis, Monitoring

and predicting course

of disease

Granulomatosis with

polyangiitis

CRP, ESR, anti-PR3,

and anti-MPO titers

Disease activity;

Predicting flares

B cell reconstitution

and ANCA-PR3 level

Predicting relapse in

patients treated with

rituximab

Microscopic

polyangiitis

– –

Eosinophilic

granulomatosis with

polyangiitis

– –

Cryoglobulinemic

vasculitis

– –

Henoch-Schönlein

purpura

Serum biomarker index Diagnosis

Behçet’s disease HLA B51 Diagnosis

vWF, Von Willebrand factor; CSF, Cerebrospinal fluid; IL, Interleukin; CD, Cluster of

differentiation; NK cells, Natural killer cells; CRP, C-reactive protein; ESR, Erythrocyte

sedimentation rate; SGTB, Small Glutamine Rich Tetratricopeptide Repeat Containing

Beta; FCGR3A, Fc Fragment Of IgG Receptor IIIa; CCL, chemokine (C-C motif)

ligand; sIL-6R, soluble IL-6 receptor; MMP, Matrix-metalloprotease; FCGR2A/FCGR3A

and RPS9/LILRB3 and PSMG1, Gene loci; HLA, Human leukocyte antigen; MPO,

myeloperoxidase; PR3, Proteinase-3; CXCL, C-X-Cmotif chemokine; Ig, Immunoglobulin;

TARC, Chemokine (C-C motif) ligand 17 (CCL17); TNF, tumor necrosis factor; HCV,

Hepatitis C virus; RNA, Ribonucleic acid.

vasculitides. ANCA is an autoantibody against endogenous
neutrophilic leukocytes. According to their target antigen they
can be divided into c- (anti-PR3, elevated in tuberculosis,
HIV infection, uveitis, amoebiasis, and cystic fibrosis with
superinfection), p- (anti-MPO, of importance to microscopic
polyangiitis, eosinophilic granulomatosis with polyangiitis, and
pauci-immunen glomerulonephritis), and a-ANCA (Crohn’s
disease, autoimmune hepatitis) (16). The identification of
ANCA is not essential for the diagnosis: About 10–20% of
patients with granulomatosis with polyangiitis or microscopic
polyangiitis and about 60% of patients with eosinophilic
granulomatosis with polyangiitis (EPGA), previously known as
Churg-Strauss syndrome, are ANCA negative (17). Erythrocyte
sedimentation rate (ESR) and C-reactive protein (CRP), the
most common laboratory signs of inflammation in general, are
usually considered being helpful in identifying active vasculitis,
especially in untreated patients, or ruling out this kind of disease.
Nonetheless, all of these markers are much less useful for
assessing disease activity in patients with established diagnoses.
In the following, this and other aspects will be addressed in
the context of the most relevant vasculitides, introducing each
section with a brief engram of the respective disease.

LARGE VESSEL VASCULITIS

Giant-Cell Arteritis (GCA)
Giant-cell arteritis (GCA) most commonly involves vessels of
large and medium size and is characterized by a granulomatous
inflammatory process affecting the aorta and its main branches,
predominantly the extracranial branches of the carotid artery,
first of all the temporal artery (18). It is the most frequent type of
vasculitis in the Western world, with women being affected more
often than men. The annual incidence of GCA amounts to 20–40
per million. The disease rather affects older people, which is also
reflected by the classification criteria defined by the American
College of Rheumatology (19). The disorder may coexist with
polymyalgia rheumatica, whose hallmarks are pain and stiffness
in muscles of the pelvis and/or shoulder. Clinical manifestation
of GCA comprises visual disturbances that can be temporary
(Amaurosis fugax) or permanent in form of a persisting loss
of vision, usually in one eye first (20, 21). Further symptoms
may consist of headache, pain over the temples, jaw claudication,
and a high degree of sensitivity of the temporal artery, which is
prominent in many cases. Not only because of increased stroke
risk, especially in the vertebrobasilar circulatory system, GCA is
considered a serious disease.

Pentraxin proteins (PTX), which are involved in acute
immunological responses, are under investigation as potential
biomarkers of GCA. Pentraxin-3 (PTX-3), for instance, which
originates from endothelial cells, smooth muscle cells and
leukocytes, was found to be markedly increased in GCA patients
with acute ischemia of the optic nerve compared to both, GCA
cases without ischemic signs and healthy controls (22). Most
interestingly, PTX-3 showed poor correlation with ESR and
CRP, hinting at the potential benefit of using a combination
of markers for a laboratory assessment of GCA. Generally
speaking, the production of PTX3 is said to be a characteristic
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TABLE 2 | Summary of biomarkers of potential clinical value in the future and their area of application in vasculitides with neurological manifestations.

Type of vasculitis Biomarker Meaning

Primary angiitis of the central

nervous system

Circulating vWF antigen Disease activity in children

CSF IL-17; Increased CD 4T cells in the CSF Diagnosis

CSF pleocytosis; Shift toward NK or B cells; Intrathecal

immunoglobulin synthesis; Plasma cells

Diagnosis; Differentiating subtypes of PACNS

Giant-cell arteritis Pentraxin 3 Acute ischemia of the optic nerve; Disease duration <6 months

Anti-ferritin antibodies Diagnosis in untreated patients

Expression of SGTB and FCGR3A Confirmation of diagnosis; Predicting course of disease

Serum Osteopontin Disease activity and relapse; Disease activity in tocilizumab-treated

patients

Takayasu’s arteritis Anti-ferritin antibodies Diagnosis

IL-8, IL-18, CCL 2, CCL 5 Diagnosis; Disease activity

sIL-6R, MMP-1,−3, and−9, soluble receptor for advanced

glycation and products, Pentraxin 3

Disease activity; Surrogate parameter of arterial inflammation and

progression of vascular involvement, i.e., marker of actual arteritis

(PTX-3)

Metabolites N-acetyl glycoprotein and glutamate Disease activity; Guide to therapy

Plasma ghrelin level; Leptin/Ghrelin ratio Monitoring disease activity and creating treatment strategies

Neutrophil gelatinase-associated lipocalin Response to treatment with glucocorticoids and tumor necrosis

factor-alpha inhibitors

Anti-endothelial cell antibodies; Antibodies against Annexin V Disease activity; Management of TA

Circulating endothelial progenitor cells; Vascular endothelial

growth factor

Disease activity

Serum myeloid-related protein 8/14 Diagnosis; Disease activity; Prognostic biomarker

FCGR2A/FCGR3A, IL12B, IL6, RPS9/LILRB3, and a locus on

chromosome 21 near PSMG1

Non-HLA susceptibility loci

Serum amyloid A Disease activity; Treatment response

Polyarteritis nodosa Vascular endothelial growth factor Vasculitic neuropathy

ANCA (anti-neutrophil cytoplasm

antibody)-associated vasculitides

Level of activated (CD19+/CD38+) B cells; CD 25+

regulatory B cells

Disease activity

CD8+ T cell expression Prognosis

Tissue inhibitor of metalloproteinase 1 Distinguishing between mildly active AAV and remission;

Distinguishing active AAV and infectious disease

Epigenetic modifications of gene loci Proteinase 3 and MPO Correlation with disease activity, PR 3 and MPO expression

Granulomatosis with polyangiitis MMP-3, Tissue inhibitor of metalloproteinase 1, CXCL 13 Inflammation, angiogenesis, tissue damage and repair

Soluble receptor for advanced glycation end products Cumulative burden of granulomatous inflammation/Disease activity

Microscopic polyangiitis Carbonic anhydrase III antibodies Diagnosis in patients without ANCA; Disease activity

Eosinophilic granulomatosis with

polyangiitis

Eotaxin-3, IgG4, CCL17/TARC Diagnosis; Disease activity; Differentiating from other diseases

characterized by vasculitis or eosinophilia

Cryoglobulinemic vasculitis WA B cells Marker for the development of CV in asymptomatic patients with

HCV infection

IL-6, CXCL10, TNF-alpha serum levels Distinguishing HCV hepatitis with or without cryoglobulinemia;

Active vasculitis (Increase of CXCL10 levels)

Henoch-Schönlein purpura White blood cells, CRP, IL-6, serum amyloid A, serum

biomarker index

Diagnosis

Fecal secondary colonic bile acids, deoxycholic acid and

lithocholic acid

Diagnosis

Behçet’s disease Tyrosine-protein phosphatase non-receptor type 4, threonine

synthase-like 2, and ß-actin

Diagnosis

Serum Amyloid A Predicting major organ involvement/ ocular disease relapse;

Disease activity

Anti-Tubulin-α-1c antibodies Diagnosis; Degree of inflammation; Disease activity; Predicting the

course/certain manifestations of BD

Urine and serum derived metabolites Diagnosis

Platelet to lymphocyte ratio, Lymphocytes to monocytes ratio Disease activity; Differentiating BD from differential diagnoses

Tissue factor-expressing microparticles Diagnosis; Estimating the risk of thrombosis

vWF, Von Willebrand factor; CSF, Cerebrospinal fluid; IL, Interleukin; CD, Cluster of differentiation; NK cells, Natural killer cells; CRP, C-reactive protein; ESR, Erythrocyte sedimentation

rate; SGTB, Small Glutamine Rich Tetratricopeptide Repeat Containing Beta; FCGR3A, Fc Fragment Of IgG Receptor IIIa; CCL, chemokine (C-C motif) ligand; sIL-6R, soluble IL-6

receptor; MMP, Matrix-metalloprotease; FCGR2A/FCGR3A and RPS9/LILRB3 and PSMG1, Gene loci; HLA, Human leukocyte antigen; MPO, myeloperoxidase; PR3, Proteinase-3;

CXCL, C-X-C motif chemokine; Ig, Immunoglobulin; TARC, Chemokine (C-C motif) ligand 17 (CCL17); TNF, tumor necrosis factor; HCV, Hepatitis C virus; RNA, Ribonucleic acid.
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of damages of the vasculature (23, 24). Being synthesized at the
site of vascular injury, its physiological role consists in averting
further damage of the affected vessels (23, 25–27). Additional
investigations are required to elucidate in how far structural
modifications of affected vessels are due to the locally synthesized
PTX-3 (23, 28). In the past, diagnosing GCA was sometimes
hampered by low values of ESR, especially when glucocorticoids
had already been administered. The informative value of biopsies
is known to be significantly reduced in this constellation as well.
Given that no dependency of PTX-3 levels on the respective
glucocorticoid dosage was found, elevated PTX-3 values might
facilitate diagnosing GCA in this context (29). A prospective
study would be helpful to proof the assumption that PTX-3
levels might be of use in evaluating different types of optic nerve
ischemia, i.e., distinguishing (non-) vasculitic forms (23, 30).

In addition to PTX-3, levels of IL-6 and soluble IL-6 receptor
(sIL-6R) were shown to be elevated in patients with GCA (31).
Il-6 is a pro-inflammatory cytokine of importance in innate
immunity serving as a link between innate and specific immune
response. IL-6 binds to IL-6-receptors on hepatocytes and
leukocytes and soluble IL-6-receptors resulting in the initiation
of immunological pathways. Finally acute-phase-reactants are
activated. In particular, IL-6 levels were significantly elevated in
patients with active disease, whereas sIL-6R levels turned out to
be significantly higher irrespective of disease activity. Therefore,
IL-6 is considered as potential biomarker for monitoring disease
activity. Most importantly, the IL-6 pathway has also emerged
as a promising therapeutic target in GCA patients (32). The
therapeutic efficacy of IL-6 receptor alpha inhibitor Tocilizumab
in the treatment of GCA patients highlights the importance of
IL-6 in GCA pathophysiology.

Baerlecken et al. analyzed anti-ferritin antibodies in GCA
patients in various stages of the disease. The highest levels of
anti-ferritin antibodies were found in untreated individuals with
a concomittant polymyalgia rheumatica, whereas treated patients
and patients with inactive stages of the disease had lower levels of
anti-ferritin antibodies (33, 34). Therefore, these antibodies could
be useful as a diagnostic marker.

De Smit et al. suggest new ways to confirm the diagnosis
of GCA and to predict the course of disease (35). By means
of transcriptional profiling of T-lymphocytes, 4,031 genes in
CD4+ and CD8+ cells were identified that show distinct
expression patterns in GCA patients with an active disease (35).
Four transcripts in CD8+ cells and 179 in CD4+ cells were
identified which were characterized by alternating expression
characteristics over 12 months (35). In CD8+ cells transcripts
of SGTB [Small glutamine-rich tetratricopeptide repeat (TPR)-
containing, β], playing a role in neuronal apoptosis, and
FCGR (Fc gamma receptor) 3A, linked to Takayasu’s arteritis
maintained their altered expression pattern (35). The authors
report a connection between genes and clinical aspects in
the acute phase, offering the potential to predict prospective
disease activity and tailor further therapies (35). The underlying
mechanisms linking gene expression to actual symptoms and
course of disease and the definite informative values of the
aforementioned aspects in terms of a potential biomarker is to
be further elucidated (35).

Prieto-González et al. reported that serum osteopontin
(sOPN) might be useful in assessing and predicting disease
activity in GCA (36). The glycoprotein osteopontin is of
importance in the development and specialization of immune
cells, inflammatory processes and remodeling in different
kinds of tissues (36). Serum osteopontin concentration
was significantly elevated in individuals with active disease
compared to controls, whereas a significant decline was
found as soon as patients entered disease remission (37).
Serum osteopontin turned out to correlate with serum IL-6.
Additionally, baseline serum osteopontin concentrations were
significantly higher in relapsing patients than in non-relapsing
patients (37).

Burja et al. investigated existing evidence on the usefulness
of already known (potential) biomarkers in GCA by means of
a meta-analysis. The results of this meta-analysis highlight the
fact that the majority of potential biomarkers in GCA might add
valuable information in understanding, diagnosing or treating
the disease, but are still not suitable to be integrated in routine
clinical use (38). IL-6, CRP, and ESR should, not only because
of the meta-analysis by Burja et al., be considered as the best
available biomarkers in GCA (for a summary of biomarkers, see
Tables 1, 2).

Takayasu’s Arteritis (TA)
The prevalence of Takayasu’s arteritis (TA) is lower than the
prevalence of GCA. Pathophysiologically, the aorta and its main
branches are affected by a granulomatous inflammatory process
with massive intimal fibrosis and vascular narrowing. Takayasu’s
arteriitis most commonly affects young or middle-aged women
of Asian descent (39). Clinical signs may be rather unspecific
for several years, comprising fever, fatigue, and joint pains.
Circulatory disturbances may lead to complaints in different
regions of the body, e.g., in form of Raynaud’s phenomenon or
angina pectoris. Frequent symptoms of TA include intermittent
claudication of the arms or legs, as well as a difference in
pulse or blood pressure between the right and left arms or
right and left legs (40). Possible neurological symptoms are
transitory ischemic attacks (TIA), stroke, syncope, and posterior
reversible encephalopathy syndrome (PRES) (41). Stenosis of
the renal arteries is capable of causing arterial hypertension
with subsequent blood pressure crises and diverse neurological
consequences. Furthermore, seizures as a result of stroke or
blood pressure crisis, headache, vertigo, and visual disturbances
represent additional symptoms of TA. A well-known genetic
susceptibility locus for TA is the human leukocyte antigen (HLA)
allele HLA-B 52 (4).

Patients with TA usually exhibit an elevation of ESR and
CRP. The presence of anti-ferritin antibodies has been described
by Große et al. in 62% of patients with TA, compared to 0%
in healthy controls and up to 92% in GCA (42). In so far
there is a similarity to patients with GCA/PMR (42). Alibaz-
Oner et al. found a stronger increase of IL-6, IL-8, and IL-18
in TA patients in comparison with controls, and an association
of IL-18 levels with disease activity (43–46). Interleukin-8 (IL-
8) is an inflammatory mediator which attracts neutrophils to the
site of inflammation. Interleukin-18 (IL-18), a proinflammatory
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cytokine, induces the release of Interferon (IFN) γ that, in
turn, plays a role in the stimulation of macrophages. It is
assumed that these cytokines contribute to the emergence
of vasculitic lesions in TA (45). The role of IL-6 and also
sIL-6R was confirmed by Pulsatelli et al., who reported that
the levels of these markers were significantly altered in TA
patients compared to healthy controls (47). IL-6 levels were
markedly elevated in patients with TA irrespective of disease
phase, whereas a significant increase in sIL-6R levels was only
detected in individuals with active disease. Longitudinal analysis
demonstrated that a significant increase in sIL-6R levels was
only apparent at baseline (47). Consequently, sIL-6R is suggested
to mirror disease activity in TA (48). Additional research on
cytokines and chemokines in TA showed that serum/plasma
levels of IL-8, and chemokine (C-C motif) ligands (CCL) 2
and (CCL) 5, cytokines which guide immune cells to the site
of inflammation by means of chemotaxis, were increased in
TA patients in comparison with healthy controls, and were
also elevated when comparing individuals with active TA to
those in remission. Consequently, elevated values of pro-
inflammatory cytokines, among others CCL2 and 5, in this
context may serve as a surrogate parameter for the persisting
migration of immune cells to the site of inflammation in affected
arteries (37).

Serum IL-6 is considered to be particularly important for
assessing disease state and disease activity in TA (37). A
presumable significance of IL-6 in the development of TA
could be shown by analyzing peripheral blood mononuclear
cells (PBMC) from TA patients which produced more IL-6
upon stimulation than their counterparts from individuals with
Behçet’s disease (37). Apart from that IL-6 was found to be
upregulated in inflammatory infiltrates of affected vessels from
patients with active TA (37). Monitoring IL-6, which is broadly
available and can be performed at relatively low cost, could thus
help tailoring therapies to individual patients.

Matrix-metalloproteases might be further suitable markers
for distinguishing active and inactive TA (49). Matrix-
metalloproteases (MMPs) are enzymes capable of tissue
remodeling by modifying the extracellular matrix. Matrix-
metalloproteases (MMPs) are found on the surface of immune
cells. Consequently, higher MMP levels are required in active
inflammatory diseases, since the internal elastic lamina of
affected vessels needs to be surmounted in order to allow
leukocytes to proceed toward the lamina intima (38).

In addition, low values of the soluble receptor for advanced
glycation end products (sRAGE) were suggested as an indicator
of active TA (50). sRAGE are membrane spanning receptors and
belong to the entity of immunoglobulins (51). Activated cells, e.g.,
macrophages, release ligands which bind to RAGE, which results
in low levels of sRAGE. There are limitations of the mentioned
studies: All examinations were performed with specimens from
the aorta, limiting potential findings to this part of the vasculature
(46). Therefore, a broader range of vessels and cell types should
be investigated in future studies.

Similar to GCA, PTX-3 was also found to be involved in TA
and might help to distinguish active patients with TA from those
in remission (52). One noteworthy point is that an elevation

of PTX-3 is not necessarily accompanied by increased CRP
levels (53). The concentration of PTX-3 but not that of CRP
was, according to Tombetti et al., significantly increased in TA
patients who suffered from worsening arterial lesions detected
by conventional and computed tomography (CT) angiography.
Consequently, plasma PTX-3 levels could serve as a surrogate
parameter of disease activity in arteries (48, 52, 54, 55). The
reasons for an increase in PTX-3 in TA are similar to those
mentioned in the context of GCA. Some authors suggest a
local production of PTX-3 in affected vessels by those cells
contributing to forming an inflammatory infiltrate (49, 52, 53)).

If these findings can be confirmed in larger cohorts, plasma
levels of PTX-3 may in future help to differentiate between active
and inactive disease (52).

Nuclear Magnetic Resonance Spectroscopy (NMR) based
serummetabolomics has identified distinct profiles in individuals
suffering from TA in comparison to age- and sex-matched
controls (56). The best discriminatory potential was found for
N-acetyl glycoprotein (NAG), an anti-inflammatory metabolite,
and glutamate, a neurotransmitter often associated with
inflammation (56–58). Upon follow up, changes in metabolic
spectra evolved with a change in disease activity. Thus, certain
metabolic profiles allow the distinction between clinically active
and inactive TA patients, representing potential biomarkers for
disease activity and delivering additional information which can
serve as a guide to therapy (56). Future studies should further
investigate these findings in larger cohorts with a longer follow
up duration.

Yilmaz et al. found that plasma levels of unacylated and
acylated ghrelin (growth hormone release inducing), a peptide
hormone which regulates appetite and energy use, could be of use
for intermittently evaluating the activity of TA and identifying
the best possible way to treat TA patients. Furthermore, serum
leptin levels, with leptin diminishing the feeling of hunger, and
the leptin/ghrelin ratio might help to assess disease activity
(59). Other studies confirm a bidirectional relationship between
Ghrelin, Leptin, and inflammation. (60).

A potential biomarker which is supposed to be informative
with regard to the effects of therapy on patients with TA treated
with glucocorticoids and tumor necrosis factor-alpha inhibitors
was identified by Serra et al. in the form of neutrophil gelatinase-
associated lipocalin (NGAL) that modulates the activity of MMP-
9 (61). NGAL plasma concentration has been shown to be
associated with diseases of the vasculature (62). Furthermore,
as mentioned above, MMP levels are known to be increased in
inflammation so that changes in NGAL levels can be expected.
Apart from the low number of patients an important limitation
of the studies is the lack of prospective data.

Further possible biomarkers for TA comprise certain
autoantibodies, e.g., anti-ferritin antibodies and anti-endothelial
cell antibodies (AECA) (63). Antibodies against Annexin
V (AA5A), a factor which contributes to the regulation
of (endothelial) cell apoptosis, were identified in a certain
percentage of individuals with TA and were associated with
AECA, so that AA5A represents another potential biomarker for
the management of TA (48, 64). Further data suggest that AECA,
which are capable of initiating apoptosis of endothelial cells, are
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crucially involved in vascular damage observed in TA patients
(65–67). The majority of AA5A associated disorders, e.g.,
systemic lupus erythematosus, and rheumatoid arthritis exhibit
AECA as well (64, 68–73). Therefore, AA5A has been proposed
as one of the antigen targets of AECA (64). Nonetheless, the
actual antigens of AECA have not yet been identified. The
differences between isotypes of AECA need to be elucidated
in the future. Furthermore, studies on the factors triggering
the formation of AA5A and their role under physiological and
pathological conditions are required (64).

Dogan et al. focused on markers of destructive and
reconstructive processes of the endothelium, such as circulating
endothelial cells (CEC), circulating endothelial progenitor
cells (CEPC) and vascular endothelial growth factor (VEGF)
(49). According to the corresponding study, elevated levels
of CEC were detected in patients with TA. Besides, CEC
levels showed a slightly positive correlation with CRP levels.
Only CEPC and VEGF levels turned out to assume higher
values in active compared to inactive patients. Thus, these
two markers may correlate with disease activity (74). These
findings are based on the following considerations: Systemic
vasculitis is, among others, due to endothelial injury (75,
76). This injury causes the detachment of mature endothelial
cells, called CEC (74). CEPCs are required for tissue repair
in response to various cytokines and growth factors, e.g.,
VEGF (74).

A limitation of the presented study is that treatment
effects on these parameters have not been evaluated. Further
larger and prospective studies are required to verify the
generated data.

Further promising findings were reported by Goel et al. (77).
At the baseline assessment of a longitudinal single center study,
median serum myeloid-related protein 8/14 (MRP 8/14) levels,
also known as calprotectin, was found to be increased in subjects
suffering from TA compared to healthy subjects. In addition,
active disease states were characterized by higherMRP 8/14 levels
when compared to stable disease states or healthy controls. MRP
8/14 is part of a group of cytosolic calcium-binding protein
family called S100 (78). During the course of disease, changes in
serial MRP 8/14 levels were linked to disease activity, no matter
what the administered glucocorticoid dose has been (77), so that
MRP 8/14 has been proposed as another prognostic biomarker in
TA (77).

Finally, Nair et al. identified serum amyloid A (SAA), an
apolipoprotein which belongs to the group of acute phase
proteins, as a biomarker to evaluate disease activity and treatment
response in TA (79). At baseline, there were higher SAA levels
in individuals with TA than in healthy controls, and also higher
values in patients with active disease compared to those with
stable disease. SAA exhibited a decreasing trend during follow-
up in treatment responders, whereas these changes were not
observed in non-responders (79). The study was limited by small
sample size and a short duration of follow up (79).

Taking all the above considerations into account, we conclude
that IL-6 is particularly valuable for assessing disease state
and disease activity in TA. For a summary of biomarkers
see Tables 1, 2.

MEDIUM VESSEL VASCULITIS

Polyarteritis Nodosa (PAN)
Polyarteritis nodosa exclusively affects medium-sized vessels
and is potentially associated with Hepatitis B and C virus
(4). In contrast to the aforementioned vasculitides of large
vessels PAN is the scarcest type of vasculitis in central Europe.
General symptoms include fever, stomach, muscle, and joint
pains, and myocardial infarction even in young patients.
With regard to neurological complaints, peripheral neuropathy
belongs to the most frequent organ manifestations, mostly
in the form of mononeuritis multiplex. Also, symmetrical
sensorimotor polyneuropathies or an affection of nerve plexi may
occur (80). A combination of polyneuropathy in conjunction
with Livedo reticularis is highly suspicious of PAN. CNS
manifestations in PAN include ischemic stroke, intracerebral
and subarachnoid hemorrhage and seizures (4). It has been
demonstrated that recessive loss-of-function mutations affecting
the gene which encodes adenosine deaminase 2 (ADA2) might
lead to polyarteritis nodosa vasculopathy (81).

As far as the pathogenesis of the disease is concerned
Shimojima et al. showed an expansion of T-helper cells and
an impaired function of regulatory T cells (82). These findings
suggest that PAN results, among others, from defects in T-
cell-mediated immunity (82). The changes might be due to
insufficient suppressive abilities of regulatory T cells with regard
to CD4+ T cells and an impaired cytotoxic T-lymphocyte-
associated Protein 4- (CTLA-4-) expression of regulatory T
cells. CTLA-4 is essential for the inhibition of the proliferation
of CD4+ T cells, i.e., T-helper cells. In order to better
understand the underlying pathomechanisms, larger cohorts
need to be examined.

Manolov et al. found higher levels of plasma VEGF (see
remarks on TA) in subjects with vasculitic neuropathy compared
to healthy controls (65). This is why plasma VEGF levels could
be of use in predicting vasculitic neuropathy (65). However, this
finding does not only apply to PAN and the number of included
patients was extremely low so that the current practical benefit of
this biomarker is very limited.

In PAN patients with cutaneous manifestations, Okano et al.
suggested that anti-phosphatidylserine-prothrombin complex
(anti-PSPT) antibodies could be regarded as a biomarker
for the existence of PAN and therefore support making an
early diagnosis (83). These antibodies turned out to decrease
to lower levels after treatment with cyclophosphamide and
glucocorticoids in comparison with the pre-treatment levels
(83). Mechanistically, it is assumed that prothrombin binds
to apoptotic endothelial cells and phosphatidylserine (83). The
resulting complexes are thought to trigger the production of
anti-PSPT antibodies resulting in the development of PAN (83).
Apart from that, deteriorations of the clinical disease course
might be associated with higher levels of anti-moesin-antibodies.
Moesin is an intracellular protein connecting cell membrane and
cytoskeleton (83). Anti-moesin antibodies have been suspected
to exacerbate PAN via antiphospholipid antibodies, such as
anti-PSPT antibodies (83). However, these findings need to be
validated in a prospective study.
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There have been few studies on biomarkers in polyarteritis
nodosa. Autoantibodies against lysosomal-associated membrane
protein-2 (LAMP-2) showed an association with dermatological
signs of the disease, but in the end there was no significant
difference when compared to values measured in healthy controls
(66). LAMP-2 is a component of the lysosomal membrane. It
has been assumed that LAMP-2 plays a role in the pathogenesis
of vasculitis (66). Mechanistically, Takeuchi et al. hypothesize
that anti-LAMP-2-antibodies bind to neutrophils, which then
infiltrate small vessels of the skin (66). The main limitation of
the study consists in the fact that the association with LAMP-2-
antibodies seems to exclusively refer to cutaneous manifestation.

To sum up, the tested biomarkers either refer to cutaneous
manifestations or bear the potential to predict vasculitic
neuropathy, not only in PAN. With regard to the latter
aspect, the corresponding study design does not allow to call
VEGF an established biomarker. For a summary of biomarkers
see Tables 1, 2.

SMALL VESSEL VASCULITIS

Granulomatosis with polyangiitis (GPA), Microscopic
polyangiitis (MPA), and eosinophilic granulomatosis with
polyangiitis (EGPA), previously known as Churg-Strauss
syndrome, form the group of ANCA (anti-neutrophil cytoplasm
antibody)-associated vasculitides (AAV). The AAV, as well as
cryoglobulinemic vasculitis, Ig A vasculitis, and Behçet’s disease,
potentially affecting all types of blood vessels, will be considered
in this chapter.

Before focusing on certain subtypes, biomarkers relevant for
AAV in general are reviewed: GPA andMPApatients in remission
were shown to have higher levels of CD25+ regulatory B cells
in proportion to individuals with active vasculitis (67). CD25 is
the α-subunit of the Interleukin-2-receptor, which influences the
binding process between receptor and ligand. CD25+ B cells are
therefore supposed to have regulatory functions in thementioned
vasculitides (67). To confirm or disprove the role of regulatory B
cells as a marker of AAV these shortcomings should be overcome
in future investigations.

Effective ways to predict relapse rates have been discovered in
both GPA and microscopic polyangiitis. First, anti-MPO positive
patients showed lower relapse rates than anti-PR3 positive
subjects (84–86). Second, a specific gene expression signature
in CD8+ cells was identified, which seems to predict relapses
(87): Transcriptional profiling analysis has revealed that CD8+ T
cell expression may represent a tool to divide patients into two
distinct subgroups (relapse/active disease vs. remission/stable
disease) (87, 88). The group of patients with a poor prognosis
was characterized by a subset of genes playing a role in the IL-
7 receptor pathway and T cell receptor signaling. The CD8+

T cell memory cell population, which has been suspected to
promote disease relapses, was also expanded in this group. A
possible explanation of these observations could be that altered
gene expression in naïve CD 8+ T cells might be the result
of genetic modifications in the phase of T cell maturation in
the thymus (87, 89–91). As a reaction to antigen exposure, this

could lead to T cell proliferation, at least in part via signaling
cascades involving IL-7 receptor and T cell receptor, resulting in
an increasing number of memory cells (92, 93). In order to use
this information to individualize the therapy in AAV depending
on a patient’s classification as “active” or “stable,” a prospective
clinical study is required.

Moon et al. identified the CRP to serum albumin ratio
(CAR) as an independent predictor of all-cause mortality in
patients suffering from AAV with a similar potency as diabetes
mellitus (94). Notably, the combined occurrence of CAR ≥

10.35 and diabetes mellitus had a higher mortality, regardless
of the actual reason, than the lack of these characteristics (94).
These observations might have the following reasons: Chronic
inflammation leads to increased IL-6 release, which increases
the levels of CRP in the peripheral circulation” (94, 95). Given
that IL-6 also diminishes the hepatic albumin production, the
CAR is altered in a specific manner (94). The limitations of
this study consist in the small sample size derived from a single
center, its retrospective character, and the lack of a clear cut-
off value of CAR to predict all-cause mortality in patients with
AAV (94).

In AAV patients, myeloperoxidase-(MPO-)ANCA levels
returned to values within normal limits during a period of 6
months after the initiation of remission induction therapy. A
reappearance of MPO-ANCA could be detected in 40% of these
individuals and occurred more often in relapsing subjects than
in age- and sex-matched non-relapsing controls (96). Therefore,
the reappearance of MPO-ANCA might be a biomarker which
bears the potential to predict a relapse in individuals “with MPO-
ANCA-positive AAV in” remission (96). Becoming ANCA-
negative before maintenance therapy has been initiated was
connected to a reduced risk of relapse (96). The frequency of
relapses in general is much higher in PR3-ANCA- than in MPO-
ANCA-positive disease, whereas there is a reverse relation with
regard to mortality.

The so called delta neutrophil index (DNI), a simultaneous
view at the number of immature granulocytes and the
consumption of neutrophil granulocytes, correlates with the
Birmingham vasculitis activity score at diagnosis—an instrument
which helps assessing disease activity in patients with PSV (97).
DNI values ≥0.65% were shown to be a surrogate parameter
for a difficult progression of AAV and relapse in GPA and
MPA during the observation period (97). This connection
may be the result of the following considerations: T cells
and macrophages release inflammatory cytokines that prime
neutrophils and cause an increase in adhesion molecules on
neutrophils and endothelial cells. ANCA promote the interaction
of neutrophils and endothelial cells, which results in the
diapedesis of neutrophils through the vascular cell layers. Finally,
activated neutrophils induce vasculitis by reactive oxygen radicals
and degranulation (97–104).

Another potential biomarker for disease activity is the
tissue inhibitor of metalloproteinase 1 (TIMP1). TIMP1 is
responsible for the regulation of MMPs (105–107). In accordance
with MMPs, TIMP1-levels increase in inflammatory states.
Additionally, unlike CRP, TIMP1-levels were significantly higher
in individuals suffering from active AAV than in infected subjects
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without disease activity (108). Therefore, TIMP1 can be used to
distinguish between AAV with mild activity and remission.

Autoantigen gene loci in ANCA-associated vasculitis
Proteinase 3 (PRTN3) and MPO were found to undergo
epigenetic modifications, which correlated with disease activity
and with PR3 and MPO expression. Epigenetic changes in
general may comprise DNA methylation, histone modifications,
and non-coding RNA (109–111). Thus, it appears that not
only mutations, i.e., changes in the DNA sequence, may have
far-reaching consequences for the manifestation of certain
diseases. It still has to be elucidated which factors cause certain
epigenetic modifications resulting in AAV and, maybe, how they
can be avoided or prevented.

Further biomarkers for different types of AAV are, among
others, distinct cytokine profiles of PR3-AAV, i.e., IL-6,
granulocyte-macrophage colony-stimulating factor (GM-CSF),
IL-15, IL-18, CXCL (C-X-C motif chemokine) 8/IL-8, CCL-
17/thymus and activation-regulated chemokine, IL-18 binding
protein, soluble IL-2 receptor α (sIL-2Rα), and nerve growth
factor ß” (NGF-ß). Cytokine profiles of MPO-AAV comprise
soluble IL-6 receptor, soluble tumor necrosis factor receptor type
II (sTNFRII), neutrophil gelatinase-associated lipocalin (NGAL),
and soluble intercellular adhesion molecule 1. Osteopontin,
sTNFRII, and NGAL can be attributed to MPA, whereas IL-6,
GM-CSF, IL-15, IL-18, sIL-2Rα, and NGF-ß can be attributed
to GPA (112). Although these biomarkers bear the potential to
improve the handling of ANCA-associated vasculitides, not all of
them are suitable for everyday use.

Data derived from the RAVE (Rituximab in ANCA-Associated
Vasculitis) trial allow the following conclusions: Patients treated
with rituximab, who were anti-PR3 positive and exhibited an
increase of calprotectin serum levels between the start of data
collection and month 2 or month 6, exhibited a higher risk of
relapse at 18 months. Hence, serum calprotectin might guide
more intensive or prolonged treatment (113).

Furthermore, anti-PTX3 antibodies were frequently detected
in AAV patients and antibody levels were increased in
comparison to healthy controls. Comparing the states of
remission and active disease, anti-PTX3 antibody values turned
out to be higher in the latter case (114). In summary, anti-
PTX3 antibody levels allow to distinguish between differential
diagnoses and to evaluate disease activity.

Simon et al. hypothesize that Anti-PTX3 autoantibodies
attract PTX3-expressing apoptotic neutrophils and enhance
their phagocytosis (114). The interaction of PR3- and MPO-
expressing neutrophils and ANCA induces phagocytosis
and the synthesis of pro-inflammatory cytokines (114–116).
Additionally, PTX3 can also be found on the surface of
endothelial cells, which, in case of endothelial cell injury, may
attract immune cells (114). It still remains to be examined
whether the immunogenic capacity of apoptotic cells depends
on anti-PTX3 and in how far there is an effect on disease
duration (114).

Among others, DNI and CAR seem to be promising, but
further studies are required to validate existing findings. For a
summary of biomarkers see Tables 1, 2.

Granulomatosis With Polyangiitis (GPA)
GPA is a rare form of small vessel vasculitis with an incidence
rate of 0.9/100,000/year that affects both sexes equally (4).
In the early stage, local inflammatory processes accompanied
by granuloma formation take place in the respiratory tract
and later on the disease spreads in terms of a generalization
into small vessel vasculitis (117, 118). Leading symptoms
in the early stadium of GPA is a bloody and barky nasal
discharge. As soon as GPA generalizes, the spectrum of potential
manifestations includes general symptoms and an affection of
the lungs (therapy-resistant pneumonia with coughing, dyspnea,
and hemoptysis), the kidneys in terms of glomerulonephritis, the
skin in the form of various efflorescences, the eyes (conjunctivitis,
episcleritis), the heart (pericarditis, vasculitis of the coronary
arteries, cardiomyopathy), and the nervous system. Furthermore,
a saddle nose is a symptom of advanced GPA. The latter can
be affected by peripheral neuropathies, polyneuropathies, as well
as mononeuritis multiplex. These peripheral neuropathies can
be the initial disease manifestation of GPA and of other AAV
(119). Therefore, neuropathies of unknown etiology should be
inspected for signs of AAV, especially when typical stigmata
of AAV are present. In AAV patients, peripheral neuropathy
manifestation is associated with a higher number of affected
organs, an increased ANCA-titer and a more severe disease
course compared to individuals without peripheral neuropathy
(120, 121). Cerebral small vessel vasculitis is a rather scarce
phenomenon in these patients. Additionally, GPA patients might
suffer from pachymeningitis and granulomas of the pituitary
gland. GPA is associated with ANCA, above all PR3-ANCA, in
50% of cases in the early, local stadium, and in at least 90% of
cases in a later, more generalized stage (122–124).

Biomarkers already in use for assessing disease activity and
predicting flares are ESR, CRP, anti-PR3, and anti-MPO titers
but, as already mentioned, their informative value is limited,
since they are much less useful in evaluating the activity of GPA
in individuals, in whom a diagnosis has already beenmade (3). So
far, useful markers of inflammation, angiogenesis, tissue damage,
and repair have been identified. Observing MMP-3, TIMP-1,
and CXCL13 indicated significant differences between groups of
patients. Nonetheless, due to the poor correlation of the markers
among each other it has been suggested that a combination of
these biomarkers might be the most promising approach (125–
127). CXCL13 is a chemokine that attracts immune cells to the
site of inflammation. The reasons for increased CXCL13 levels are
not fully understood, but high CXCL13 levels have been linked to
B cell malfunction (127). Furthermore, sRAGE are considered to
mirror the cumulative burden of granulomatous inflammation in
GPA, so that sRAGE may in future be established as a mean of
assessing disease activity (128).

Further studies are required to detect the changes of sRAGE
over time with treatment and exacerbations of the disease.

In patients who receive rituximab, the simultaneous
consideration of B cell reconstitution after depletion due to
the therapy and ANCA-PR3 levels could fulfill the function
of a biomarker for a GPA relapse, given that Cartin-Ceba
et al. observed that all occurring relapses in the cohort under
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investigation were accompanied by an increase in B cells,
preceded by an increase in ANCA-PR3 levels (129) (for a
summary of biomarkers, see Tables 1, 2).

Hitherto there are no directly applicable biomarkers in GPA.

Microscopic Polyangiitis (MPA)
Microscopic polyangiitis (MPA) shares some characteristics with
GPA regarding the clinical manifestations. Being a necrotizing
inflammatory process of small vessels it mostly affects the kidneys
and, less often, the lungs, the skin, and the nervous system (4).
The latter is mainly affected by peripheral neuropathy, mostly
mononeuritis multiplex, by intracranial hemorrhage, seizures,
headache and cerebral vasculitis. MPA is strongly associated with
ANCA, especially (myeloperoxidase) MPO-ANCA, in 75% of
all cases.

Saito et al. demonstrated that carbonic anhydrase III (CAIII)
antibodies had a significantly higher prevalence in MPA patients
in comparison to healthy controls. Additionally, the authors
report, especially in proportion to antibody-negative subjects,
elevated values of activity scores for vasculitic disorders in those
cases of MPA which came along with anti-CAIII antibodies
(130). Therefore, these antibodies might facilitate diagnosing
MPA in ANCA-negative patients (70% of MPA patients are
pANCA positive) and for assessing disease activity (130).
Carbonic anhydrases are zink metalloenzymes that catalyze the
hydration of carbondioxide and are present in red skeletal
muscle. It is suggested that CA III plays a role in intracellular
signaling, particularly in response to oxidative stress (131,
132). Possibly, anti-CAIII-antibodies protect cells from oxidative
damage during inflammation (130). The informative value of the
results is limited to the low number of patients, highlighting the
necessity of future studies involving a higher number of patients.

Hitherto there are no directly applicable biomarkers in MPA.

Eosinophilic Granulomatosis With

Polyangiitis (EGPA)
Eosinophilic granulomatosis with polyangiitis (EGPA),
previously known as Churg-Strauss syndrome, can be briefly
characterized as a granulomatous, necrotizing vasculitis with
eosinophilia that is accompanied by pulmonary manifestation
with severe asthma attacks as the leading symptom. An ANCA-
association, usually MPO-ANCA, is given in 40% of all cases
(133). Nervous system manifestations comprise vasculitis of the
central nervous system with impaired consciousness as well as
sensorimotor deficits. Moreover, EGPA may result in allergic
rhinitis/sinusitis, myocarditis, and purpura.

After the initiation of treatment, eosinophilia, the hallmark
of EGPA, is not an appropriate biomarker for disease activity,
since the eosinophilic cell count tends to drop rapidly as soon as
glucocorticoids are administered (134). It has been demonstrated
that proteins related to eosinophilia, first of all eoxtaxin-3, and
to Th2 immune response in general, particularly IgG4 and
CCL17/TARC, were elevated in active EGPA. This elevation
was also found when EGPA was compared to inactive disease,
other diseases characterized by vasculitis or hypereosinophilia,
and healthy controls (135–138). Eotaxins are chemokines which
contribute to the accumulation and maturation of eosinophils

(136). CCL17/TARC is a chemokine that is released by dendritic
and endothelial cells. It is involved in the targeted attraction
of activated Th2 lymphocytes to affected foci (135). Further
investigations are necessary to increase knowledge on additional
characteristics of eotaxin-producing cells in EGPA (136). Higher
IgG4 levels might be caused by activated Th2 lymphocytes but
the actual pathological role of IgG4 in EGPA is still unclear.

In a cohort of refractory and relapsing EGPA patients treated
with rituximab, individuals exhibiting ANCA had a better chance
to reach the state of remission (139).

Eotaxin-3, IgG4, and CCL17/TARC are promising future
biomarkers, but they are not completely understood yet. For a
summary of biomarkers, see Tables 1, 2.

Cryoglobulinemic Vasculitis (CV)
Cryoglobulinemic vasculitis (CV) is a rare disease affecting
primarily small vessels due to the formation of immune-
complexes, and is accompanied by Hepatitis C virus infection
in the large majority of all cases. The main symptoms are
purpura, ulcerations, arthritis, and, as a late symptom or in
severe courses, glomerulonephritis. With regard to neurological
affliction, patients have polyneuropathy and less frequently
focal neurological signs resulting from cerebral manifestations
(140). Cryoglobulinemic vasculitis is mainly characterized by
the combination of arthritis, purpura, and polyneuropathy, in
conjunction with complement consumption (low C4 levels) and
the evidence of rheumatoid factor (141).

Monoclonal rheumatoid factors (mRF) carrying the WA
cross-idiotype (Xid) are of major importance in the pathogenesis
of cryoglobulinemic vasculitis in individuals with hepatitis C
virus (HCV) infection (142). When the WA Xid is found,
individuals without symptoms but with HCV infection can be
shown to exhibit WA B cells (142). Consequently, WA B cells in
asymptomatic individuals with HCV infection might represent
a marker for the development of CV (142). Furthermore, B-
cells expressing VH1-69 were considered to be the target of
treatment of infectious CV. Therefore, using this cell population
as a biomarker might provide information on the activity of CV
and response to treatment. A possible future perspective consists
in the development of an anti-WA Xid antibody as a method for
everydaymedical use (142). Maybe novel treatment strategies can
be derived from such antibodies.

A further study showed that patients with HCV-related
mixed cryoglobulinemia (HCV-MC) exhibited significantly
higher mean IL-6 values compared to healthy controls and
individuals suffering from HCV chronic hepatitis without
concomitant cryoglobulinemia (HCV+). IL-6 was also elevated
in cryoglobulinemic subjects with active vasculitis, thus
representing potential indicator for this state (143). A hallmark
of HCV-MC is the synthesis of immune-complexes, primarily
cryoglobulins incorporating HCV, evoking vasculitis (143). As a
consequence, IL-6 levels rise and enhance inflammation (143).
However, the prognostic significance of IL-6 in HCV-MC needs
to be examined in larger prospective studies (143).

Moreover, increased values of CXCL10 and TNF-alpha were
measured in individuals with HCV-associated cryoglobulinemia
(144). In HCV-MC patients, active vasculitis was associated with
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increased CXCL10 values (144). C-X-C motif chemokine 10
(CXCL10), also known as Interferon gamma-induced protein
10 (IP-10) or small inducible cytokine B10, is a chemokine
relevant for chemoattraction of immune cells (144). It is
hypothesized that HCV induces the production of CXCL10,
which in turn contributes to the development of chronic
hepatitis C (144, 145). Further investigations comprising higher
numbers of patients will have to test the potential of CXCL10
to predict the disease course of HCV-MC patients and guide the
treatment (144).

Hitherto there are no clinically proven biomarkers. For a
summary of biomarkers see Tables 1, 2.

Ig A vasculitis
Ig A vasculitis, a vasculitis of small vessels driven by immune
complexes, represents the most common vasculitis in childhood
(4). Immunoglobulin A (IgA) plays a pivotal role in the disease.
Typical clinical manifestations are IgA-nephritis, gastrointestinal
symptoms such as stomach pain and hematochezia, purpura, and
nephritis. The disease can be associated with cerebral ischemia,
intracranial hemorrhage, diffuse cerebral edema, peripheral
neuropathies, facial nerve paresis, and Guillain-Barré syndrome
(146). Neurological complaints, however, are a rather scarce
manifestation of Ig A vasculitis (147).

In pediatric patients with Ig A vasculitis, white blood
cells (WBC), serum levels of CRP, IL-6, and SAA (amyloid
A) showed a significant increase compared to healthy
individuals (148). In addition, a complex serum biomarker
index (SAA+IgA/4000+IgM/4000x0.4CRPmeanvalueCRPi)
is significantly higher in HSP patients compared to healthy
controls (148). The discrimination of these states is enabled by
the integration of biomarkers specific and sensitive for Ig A
vasculitis, such as SAA, and other biomarkers also connected
to inflammatory processes in general, i.e., CRP. The biomarker
index can be easily calculated and the number of patients
exceeded 100 individuals so that it seems ready for use in
discriminating patients with Ig A vasculitis and septicemia or the
absence of one of these disorders.

High performance liquid mass spectrometry (HPLC-MS)
revealed that levels of fecal secondary colonic bile acids,
deoxycholic acid, and lithocholic acid are significantly lower in
children with Ig A vasculitis in the acute stage and in remission
than in healthy controls (149) (for a summary of biomarkers,
see Table 1).

The biomarker index is an already available tool that can be
used in the treatment of patients with IgA vasculitis.

Behçet’s Disease (BD)
Behçet’s disease (BD) differs from the aforementioned
vasculitides, since both arterial and venous blood vessels of
any diameter can be affected. There is a strong association with
human leukocyte antigen (HLA) B51 and the leading symptom
consists of oral and genital aphthae (4). The peripheral nervous
system is rarely affected by polyneuropathies. Manifestations in
the central nervous system are divided into a parenchymatic and
a non-parenchymatic neurovascular type. The parenchymatic
type is characterized by bihemispheric lesions which can cause

hemiparesis, hemihypesthesia, vision field losses, seizures,
movement disorders, speech disorder, and Parkinson-like
symptoms. Furthermore, aseptic meningitis and affections
of the brain stem with cranial nerve paralysis, sensorimotor
disturbances, and cerebellar symptoms may occur (150–
153). The neurovascular type of BD comprises sinus vein
thrombosis and increased cerebral pressure, resulting in
headache, focal neurological signs, seizures, papilledema,
impaired consciousness, and paralysis of the sixth cranial nerve.
The affection of arteries may lead to aneurysms, dissections,
and consecutive intracranial hemorrhage or cerebral infarction.
Peripheral neurological manifestation may consist of Guillain-
Barré syndrome, polyneuropathy, autonomous neuropathy, and
mononeuritis multiplex (150–153).

In a genome wide association study, the central role of
HLA-B51 in regard to BD susceptibility has been confirmed
(154). Apart from the connection to HLA-A and HLA-
C, BD susceptibility was also associated with cytokines
and danger signals IL-10, IL-23R, CCR1, STAT4, KLRC4,
GIMAP2/GIMAP4, and UBAC2 genes. These findings hint at
an impaired response to danger signals of the human organism
and impaired immunological processes in BD patients (154).
The presence of HLA-B51 is known to be accompanied by a
marked increase in the risk of developing Behcet’s disease, but
the underlying pathophysiologic mechanisms have not been fully
elaborated (154). Case-control studies with higher number of
participants could help to elucidate connections between genetic
attributes and certain phenotypes of BD (154).

The fact that not only blood but also other body fluids
can contribute to the development of new biomarkers was
underlined by Ahn et al, who distinguished BD patients
from healthy individuals by employing a group of 10 urine
derived metabolites, i.e., guanine, pyrrole-2-carboxylate,
3-hydroxypyridine, mannose, l-citrulline, galactonate,
isothreonate, sedoheptulose, hypoxanthine, and gluconic
acid lactone (155). Similarly, a panel of five metabolic markers
derived from serum, i.e., decanoic acid, fructose, tagatose, linoleic
acid, and oleic acid, were found to be potential biomarkers of BD
with a sensitivity of 100% and a specificity of 97.1% (156). Future
studies should include larger sample sizes in order to confirm the
results. Apart from that, future studies should take the circadian
rhythm of certain metabolites and their dependence on other
factors, such as physical activity, into consideration (156).

The expression of Tissue Factor (TF) by microparticles
was experimentally shown to contribute to the development
of thrombosis (157). Using flow cytometry, it has been
demonstrated that the total number of plasmamicroparticles was
elevated in BD patients compared to healthy controls, as were
microparticles characterized by TF and Tissue Factor Pathway
Inhibitor (TFPI) (157). BD patients who had already presented
with thrombosis in the past exhibited elevated counts of total and
TF positive microparticles in comparison to individuals without
thrombosis, but showed a lower percentage of TFPI positive
microparticles. In conclusion, microparticles characterized by
TF are elevated in BD and a discrepancy or impaired balance
between TF and TFPI could represent a risk factor for thrombosis
(157). In order to improve the knowledge about the usefulness
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of these markers, larger and prospective studies, e.g., in endemic
regions, are required.

Yoshioka et al. analyzed protein profiles of peripheral blood
mononuclear cells (PBMCs) and compared them to profiles from
patients with rheumatoid arthritis (RA) and Crohn’s disease
(CD), and to healthy controls (HC) (158). Tyrosine-protein
phosphatase non-receptor type 4, threonine synthase-like 2, and
ß-actin were identified as possible biomarker candidates for BD,
since they can be applied to discriminate inflammatory bowel
disease from BD and other diseases (158). Tyrosine-protein
phosphatase non-receptor type 4 binds to cytoskeletal proteins
and is involved in cellular responses to cytokines. Threonine
synthase-like 2 exacerbates inflammation, can act as a cytokine
and can promote the production of IL-6 in osteoblasts (158, 159).
ß-actin is a structural protein which represents a part of the
sarcomere of muscle fibers. The changes in ß-actin levels may
be due to structural changes in the actin cytoskeleton as soon
as T cells are activated in BD (158). In order to learn more
about the significance of the identified proteins, the analysis of
the protein expression of different kinds of immune cells may
be of interest with regard to the pathophysiological mechanisms
underlying BD. By doing so, novel biomarkers for everyday use
could be developed.

Sota et al. reported that serum amyloid-A (SAA) levels can be
useful to predict the affection of organs and repetitive affections
of the eyes, but they also found that SAA cannot serve as
a surrogate parameter for disease activity (160). SAA plays a
role in the acute phase reaction and is frequently elevated in
autoimmune disorders. Some authors suggest that SAA interacts
with certain cytokines promoting inflammation, e.g., IL-1ß,
which might be involved in the development of BD (161, 162).
Future studies should be designed as prospective investigations,
including a control group because these features are lacking in
Sota’s study.

A further study identified potential antigens in circulating
immune complexes of BD patients but not in those of healthy
subjects. Tubulin-α-1c is such an antigen and antibodies
directed against it were increased in individuals with BD in
comparison to healthy controls and disease controls (systemic
lupus erythematosus, recurrent aphthous ulcers, AAV, and TA).
In diagnosing BD, the tubulin-α-1c antibody had a sensitivity
of 61.4% and a specificity of 88.4% (163). Additionally, an
association of anti-tubulin-α-1c with deep venous thrombosis
and erythema nodosum, and a significant correlation with the
extent of inflammatory processes in BD and indicators of disease

activity, such as ESR, CRP and BVAS (Birmingham Vasculitis
Activity Score) were found (163). As part of the cytoskeleton,
tubulins maintain the shape and structure of cells, GTPase
activity and intracellular movement (163). Tubulin-α-1c was
moreover shown to increase VEGF levels and cause endothelial
damage under vasculitic conditions and in cases of thrombosis
(163). However, precise mechanisms have not been elaborated.

As far as the assessment of disease activity in BD is concerned,
a substantial gain in information resulted from the analysis of
the platelet to lymphocyte ratio (PLR) and the lymphocyte to
monocyte ratio (LMR). The PLR was remarkably higher in BD
patients, whereas the LMR assumed lower values in subjects with
BD compared to controls (164). When comparing active and
inactive BD, active BD was characterized by significantly higher
PLR, ESR and highly sensitive CRP. Furthermore, PLR and LMR
were demonstrated to be independent factors for BD (164). To
sum up, PLR may be useful as a novel biomarker to evaluate
disease activity in BD which is not expensive but can be easily
used. Current data derives from a cross-sectional analysis in a
single center. Future studies should be performed in multiple
centers over a longer period of time. Beyond, treatment effects
should also be evaluated (164).

In summary, there are not no sufficiently tested and
established biomarkers for BD apart from HLA B51. For a
summary of biomarkers see Tables 1, 2.

CONCLUSION

Biomarkers are of importance in improving the diagnostic
process, the treatment, and the prognosis for patients suffering
from various forms of vasculitis. Nonetheless, the majority of
the findings reviewed in this article do not exclusively apply to
neurological manifestations of vasculitides. Further studies that
employ appropriate control groups, use precise definitions for
disease states such as “active” and “remission,” and clearly outline
the type of neurological manifestation involved are needed to
guide our use of biomarkers in vasculitides of the nervous system.
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Behavioral variant frontotemporal dementia (bvFTD) is the second leading cognitive

disorder caused by neurodegeneration in patients under 65 years of age. Characterized

by frontal, insular, and/or temporal brain atrophy, patients present with heterogeneous

constellations of behavioral and psychological symptoms among which progressive

changes in social conduct, lack of empathy, apathy, disinhibited behaviors, and cognitive

impairments are frequently observed. Since the histopathology of the disease is

heterogeneous and identified genetic mutations only account for ∼30% of cases, there

are no reliable biomarkers for the diagnosis of bvFTD available in clinical routine as

yet. Early detection of bvFTD thus relies on correct application of clinical diagnostic

criteria. Their evaluation however, requires expertise and in-depth assessments of

cognitive functions, history taking, clinical observations as well as caregiver reports

on behavioral and psychological symptoms and their respective changes. With this

review, we aim for a critical appraisal of common methods to access the behavioral and

psychological symptoms as well as the cognitive alterations presented in the diagnostic

criteria for bvFTD. We highlight both, practical difficulties as well as current controversies

regarding an overlap of symptoms and particularly cognitive impairments with other

neurodegenerative and primary psychiatric diseases. We then review more recent

developments and evidence on cognitive, behavioral and psychological symptoms

of bvFTD beyond the diagnostic criteria which may prospectively enhance the early

detection and differential diagnosis in clinical routine. In particular, evidence on specific

impairments in social and emotional processing, praxis abilities as well as interoceptive

processing in bvFTD is summarized and potential links with behavior and classic cognitive

domains are discussed. We finally outline both, future opportunities and major challenges

with regard to the role of clinical neuropsychology in detecting bvFTD and related

neurocognitive disorders.

Keywords: bvFTD, cognition, diagnosis, apraxia, social cognition, neuropsychological assessment, interoception,

behavior
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INTRODUCTION

Behavioral variant frontotemporal dementia (bvFTD) is a
neurodegenerative disease characterized by early progressive
changes in behavior, social conduct, emotional processing as
well as specific cognitive impairments (1, 2). Accounting for this
symptomatology is a pronounced and relatively focused neural
loss in bilateral frontal, insular, and/or anterior temporal cortices
that can typically be found in patients early in the disease.

bvFTD is the most frequent clinical syndrome of FTD
(which also includes two other clinical dementia syndromes
with predominant language dysfunctions). Fronto-Temporal
Lobar Degeneration (FTLD) is the broader pathological
disease spectrum also encompassing FTD, motoneuron disease
(MND), progressive supranuclear palsy (PSP), and corticobasal
degeneration (CBD). Estimated prevalence rates highly vary
depending on the employed diagnostic criteria which have
been considerably refined during the last two decades (1–3).
Prevalence rates are further clouded because bvFTD, FTD, or
FTLD patients are not systematically considered separately
across studies. The average disease onset of bvFTD is estimated
within the early sixth decade of life although patients can
also be substantially younger or older as some cases with a
disease onset in the 20s and after 85 years of age have been
described (4–6). Within the most relevant age range of 45 to
65 years, 10–30 in 100,000 people are estimated to be affected
by FTLD (4, 7). Converging evidence then suggests that bvFTD
is the second most frequent young-onset (<65 years old)
cognitive neurodegenerative disorder following Alzheimer’s
disease (AD) (4, 7, 8). Due to relatively large symptomatic
overlap and the lack of established biomarkers, the prevalence
of bvFTD may well be underestimated because of frequent
misdiagnoses with either a different neurodegenerative cognitive
disorder or a primary psychiatric disorder (9–11). Half of
bvFTD patients indeed received a prior primary-psychiatric
diagnosis (9, 12).

As FTLD is a heterogenous pathophysiological entity, bvFTD
can be caused by different underlying pathologies (13–15). Most
of the cases include the abnormal intraneuronal depositions
of aberrant forms of specific proteins such as tau (FTLD-tau)
and TAR-DNA binding protein 43 (TDP-43; FTLD-TDP) in
equal proportion, and less frequently, fused-in-sarcoma (FUS;
FTLD-FUS) (16, 17). Currently, no methods allow the detection
or prediction of FTLD pathologies during the life of patients
and no reliable biomarker exists for the diagnosis of bvFTD,
although some associations between genetics and post-mortem
histopathological findings have been established (13, 18). While
the majority of cases with FTLD are estimated to have a
sporadic form, a positive familial history may be found in
up to 40% of cases (19, 20), with a suspected autosomal
dominant pattern of inheritance found in at least 10% of
patients (21, 22). Although other rare genetic variants have
been found, mutations in either the MAPT, GRN, or C9orf72
genes account for the vast majority of genetic variants of FTLD.
Interestingly, the hexamino acid expansion on the C9orf72
gene is also very frequently associated with families presenting
with MND or a combination of FTD and MND (23, 24),

suggesting a continuum between both syndromes. Overall, this
underlines the importance of a detailed family history during the
clinical interview.

On the anatomical level, meta-analyses of the atrophy
profile of patients with bvFTD found significant clusters of
reduced brain volume in frontomedian areas, in the superior
frontal sulcus, parts of the thalamus and insula as well as
in striatal regions (25–27). Focal frontal atrophy is a positive
marker of bvFTD but can nevertheless be absent or very
subtle during the earliest stages of the disease. In those
cases, 18-Fluorodeoxyglucose-Positron Emission Tomography
(FDG-PET) has shown to enhance diagnostic certainty, by
evidencing a regional hypometabolism in similar frontal and
anterior temporal brain areas (28, 29). Multimodal imaging
approaches simultaneously combining hypometabolism and
brain volume loss also showed promising results while being
usually not available in clinical routine (30). Interestingly,
differential patterns of early brain atrophy have been observed
in the genetic forms of bvFTD as well as in asymptomatic
mutation carriers, sometimes up to 15 years before the
onset of clinical symptoms (31, 32). An atrophy of the
hippocampus and amygdala may be observed 15 years before
the onset of the disease in asymptomatic MAPT carriers for
example (32).

Aims of This Review
As a result of the heterogeneity regarding the underlying
pathology of bvFTD, there are currently no reliable, specific,
and established biomarkers available to clinicians. A correct and
early diagnosis is nevertheless crucial for disease management,
initiation of treatment as well as support of the usually highly
distressed caregivers (33). Differential diagnosis strongly relies on
the correct application of the current FTD Consortium (FTDC)
clinical criteria and exclusion of other causes for the symptoms.
Recently, however, critics have been raised toward some parts
of these criteria, particularly toward their ability to guide the
differential diagnosis with AD or primary psychiatric disorders
(34, 35). Here, we thus aim for a critical appraisal of the current
clinical criteria for the diagnosis of bvFTD. We will highlight
strengths, practical difficulties as well as controversies of these
criteria, give real-world examples and provide suggestions for
their practical evaluation in clinical settings. We then aim
to review more recent developments regarding early clinical
detection of bvFTD beyond the established diagnostic criteria
with an emphasis on in-depth neuropsychological assessment
of specific cognitive domains (i.e., social and affective cognition
and praxis abilities), physiological alterations (i.e., interoception)
and potential links with “classic” behavioral and cognitive
symptoms of bvFTD. Finally, we outline current challenges and
opportunities for the field of clinical neuropsychology regarding
its crucial tasks to develop and establish novel and clinically
meaningful “cognitive markers” in order to use them for (i)
staging of disease severity, (ii) validating future biomarkers,
and (iii) identifying the precise cognitive dysfunctions that will
need to be remediated in future disease-modifying strategies
for bvFTD.
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THE CLINICAL DIAGNOSTIC CRITERIA

FOR BVFTD

After an initial paper in 1994, the first comprehensive consensus
criteria for bvFTD from the FTDC, an international group
of experts on FTD, were released in 1998 (2). These criteria
enabled clinicians and researchers to focus on a set of
four key criteria for clinical diagnosis, namely a decline
in social interpersonal conduct, impairment in regulation of
personal conduct, emotional blunting, and loss of insight.
Each of these criteria had been standardized by a brief text
definition. Key symptoms and definitions have since been
consecutively revised and refined and the current set of
criteria (1) now reaches high sensitivities and specificities when
tested against competing neurodegenerative diseases (by post-
mortem pathological confirmation of either of the known
underlying FTLD pathologies) as well as good inter-rater
reliability (36, 37).

Despite consensus text definitions of the FTDC clinical
criteria, clinicians today still face the problem that the
criteria have not been standardized by means of “tests” or
clinical scales and even the methods of their assessment (e.g.,
patient anamnesis, clinical judgement, clinical observations,
caregiver anamnesis, standardized questionnaires, cognitive
performance tests) are not consistently specified and likely
differ considerably across centers. In addition, some studies
have underlined a substantial overlap between symptoms of
specific primary psychiatric diseases (e.g., late-onset unipolar
or bipolar affective disorders, schizo-affective disorders)
and symptoms of bvFTD. These shared symptoms may
explain why bvFTD patients are frequently misdiagnosed with
psychiatric disorders as outlined before (9, 12), but they also
explain why, on the basis of the FTDC criteria, a significant
proportion of psychiatric patients could be misdiagnosed
as possible bvFTD (10, 11, 38, 39). Related to the issue of
clinical misdiagnoses based on the FTDC criteria and further
complicating the picture, a condition mimicking bvFTD
has been been described and labeled “bvFTD phenocopy
syndrome,” implying that patients may display the typical
behavioral symptoms of bvFTD but show no progression
and no evidence of atrophy or hypometabolism [for a recent
systematic review on features of individuals with phenocopy
bvFTD, see (40)].

Another important criticism toward the current FTDC
criteria for bvFTD is that some exclusion criteria (e.g., the
proposed cognitive profile of major executive dysfunction and
spared memory functions) seem overly restrictive and may
lead to false exclusions (34). In the following, we will first
provide an overview on the different sources of information
available to clinicians and their respective importance in the
process of diagnosing bvFTD. We will then give practical
suggestions to assess the proposed behavioral and psychological
(section The Clinical Diagnostic Criteria for bvFTD) as well
as cognitive (section Cognitive Dysfunctions in bvFTD) criteria
(see also Table 1).

Sources of Information to Evaluate the

FTDC Criteria in a Clinical Setting
Clinical-Neurological Examination
A standardized clinical-neurological examination is critical when
an initial suspicion of bvFTD is raised, mainly to exclude
alternative causes for the symptoms. For example, ∼10% of
patients with FTD develop MND and 10–15% of patients
with MND also meet criteria for bvFTD (41, 42). Because
bvFTD symptomatology may also overlap with CBD and PSP, a
standardized neurological assessment of (extrapyramidal) motor
functions is particularly important. In most cases of early
stage bvFTD, the neurological examination reveals few obvious
abnormalities. In particular, reflexes and motor functions are
usually not pathological, although primitive “frontal” reflexes
(utilization, gripping reflexes) may sometimes be observed (43).
Although originally described as a classic sign for PSP, a positive
applause sign may also be observed in bvFTD and may be
correlated to overall disease severity (44). Another frequently
described cognitive-neurological sign of patients with bvFTD
is difficulty or failure to perform anti-saccades, most likely
reflecting an inability to inhibit the overlearned motor response
of a saccade toward a stimulus as compared to its opposing
direction (anti-saccade) (45–47). Other clinical signs frequently
seen in patients with AD like the “head turning sign,” are not
particularly indicative of bvFTD (48).

Patient Anamnesis and Clinical Observations of

Patients
Patients with bvFTD usually have a diminished or absent
sense for the behavioral, cognitive, or psychological changes
that are reported by their relatives or co-workers (sometimes
referred to as anosognosia). Unlike the lead symptoms of
other early neurocognitive disorders, cognitive, or behavioral
symptoms are thus rarely spontaneously reported by patients
with bvFTD. If they are, reports are usually brief or shallow, in
a stereotypical manner and without showing a coherent sense
of either suffering from the symptoms or being overly worried
about them. During anamnesis, patients with early bvFTD may
even remain to be affectively indifferent when directly confronted
with reports of negative consequences of their pathological
behaviors (e.g., on their family well-being) or with negative
feedback (e.g., regarding their poor cognitive test performances).
Although an anosognosia or lack of insight into cognitive and
behavioral symptomsmay sometimes also be observed in patients
with AD, a striking difference in patients with bvFTD is a
frequent lack of appropriate emotional participation or affective
involvement during the clinical assessment and diagnostic
procedure (sometimes specifically referred to as anosodiaphoria
or in a wider sense as a sign of “emotional blunting”). Such typical
clinical observations during anamnesismay be used to develop an
initial suspicion of bvFTD but are highly subjective and require
clinical expertise. Only few attempts on the other hand have
been published to standardize behavioral observations of patients
with bvFTD in clinical contexts (49) or in home settings (50).
Preliminary validation studies of these scales have shown that
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TABLE 1 | Clinical, behavioral, psychological, and cognitive diagnostic domains for bvFTD.

Domain Suggested method of assessment (scale/test) Typical results/observation in early bvFTD

Anamnesis/clinical and neurological

examination

Motor-disinhibition Saccade and anti-saccade test Fails to perform anti-saccades as compared to saccades.

Speech and language Clinical observation Monotonous speech with little tonal modulation, stereotypic

utterances, use of “foul” language.

Emotional blunting Clinical observation Seems indifferent and without adequate affect toward diagnostic

process or toward the suffering of caregivers.

Anosognosia/Lack of insight Clinical observation and confrontation with deficits Spontaneously reports little complaints or only in a stereotypic,

shallow way. Reacts indifferent toward cognitive deficits or caregiver

reports of behavioral changes.

Behavioral and psychological symptoms

Behavioral disinhibition Clinical observation, standardized multiple-domain

caregiver interview or questionnaire (e.g., FBI, FrSBE)

High total appearance of disinhibited behaviors compared to healthy

subjects and compared to premorbid levels. Possible inappropriate

comments or actions during the examination, favored by a lack of

rigidity in the clinical setting.

Impulsive, disinhibited eating Caregiver interview, standardized caregiver

questionnaire (e.g., APEHQ)

Shows a disinhibited eating pattern and prefers sweets and candy

(“sweet tooth”), sometimes increased, impulsive consumption of

alcohol or cigarettes.

Apathy Clinical observation, standardized caregiver

questionnaire (e.g., ACL)

High levels of apathy and inertia, few interests, usually little suffering

or complaints about affective/mood disturbances. Sometimes there

is a need of frequent incentives from the clinicians during

non-directive examination and a possible over compliance to the

clinician’s instructions.

Loss of empathy Caregiver interview or standardized caregiver

questionnaire (e.g., IRI)

Lacks empathy for others, seems irresponsible for others; significant

changes in caring compared to premorbid behaviors.

Change of humor or music preference Clinical observation, caregiver interview Prefers simple humor (e.g., “slapstick”) and less complex types of

music as compared to former preferences; sometimes excessive

and repetitive consumption of television programs or music.

Rituals and obsessive-compulsive

behaviors

Clinical observation, caregiver interview Excessive collecting or hoarding, sometimes accompanied by

deficits in self-care and hygiene (Diogenes syndrome).

Cognitive performance

Executive Functions Standardized neuropsychological tests Subnormal performance specifically in tasks for behavioral inhibition

(e.g., Hayling-task) and cognitive flexibility (e.g., letter fluency).

Multiple subtest screenings (e.g., FAB, INECO, FRONTIERS) cannot

reliably discriminate bvFTD from other neurodegenerative disorders.

Episodic (verbal) memory Standardized neuropsychological tests (e.g., FCSRT,

RAVLT, CVLT-II)

Often subnormal learning curve and deficient free recall compared to

healthy controls/normative data. Possible total (cued) recall deficit as

well as (free and cued) delayed recall decrease.

Visuospatial processing and navigation Standardized neuropsychological tests (e.g., RCFT) Visuoconstruction and drawing usually spared but may nevertheless

appear deficient due to planning deficits and visual organization

deficits. Use of qualitative strategy scores are recommended

Social Cognition Standardized neuropsychological tests (e.g.,

Mini-SEA)

Reduced ability to recognize facial emotions, particularly those with

negative valence. Reduced ability to detect and analyse social

norms violations and to infer other’s intention and feelings

(Theory-of-mind abilities).

Reward processing Standardized neuropsychological tests Deficit in reward valuation, reinforcement learning, reversal-learning,

decreased sensitivity to losses or delayed reward, diminution of

normal cognitive/affective bias.

Apraxia Standardized neuropsychological tests (e.g., DATE) Deficits in posture/gesture imitation and pantomime of object-use

compared to healthy subjects. Relatively more deficits in

“buccofacial” praxis tasks (particularly face imitation) as compared

to limb imitation.

Staging of disease severity and

progression

Standardized interviews with patient and caregiver

(e.g., FTLD-CDR, FRS)

Scales are sensitive for clinical disease progression and may guide

clinical observations.

bvFTD, behavioral variant frontotemporal dementia; FBI, Frontal Behavioral Inventory; FrSBe, Frontal Systems Behavioral scale; ACL, apathy checklist; IRI, Interpersonal Reactivity Index;

FCSRT, free and cued selective reminding test; RAVLT, Rey auditory Verbal Learning test; CVLT-II, California Verbal Learning Test second edition; RCFT, Rey Complex Figure test;

Mini-SEA, Mini Social Emotional Assessment; DATE, Dementia Apraxia Test; FTLD-CDR, Clinical Dementia Rating scale for Frontotemporal Lobar Degeneration; FRS, Frontotemporal

rating scale.
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standardized observations of behavior are a valid method to
delineate patients with bvFTD from other diagnoses, however
their application require a rigid and time-consuming assessment
that is often not feasible in clinical contexts.

Caregiver Interviews and Standardized

Questionnaires
Caregiver reports are so far the main source of information
for clinicians to detect and diagnose bvFTD in early disease
stages. As psychological and behavioral changes are the lead
clinical symptoms of patients with bvFTD they should be assessed
extensively through caregiver interviewing, as these information
principally allow for a diagnostic differentiation against other
common neurodegenerative dementia syndromes like AD (51).
As pointed out however, patients with bvFTD frequently present
with recent diagnoses of depression, bipolar, schizo-affective
disorders, or “burn out” syndromes due to an overlap of similar
symptoms e.g., reduced activity, apathy, loss of interest, and in
some cases euphoria, agitation, and restlessness (52). To enhance
diagnostic accuracy for early bvFTD, it is thus particularly crucial
to delineate suspicious behavior and psychological alterations
from premorbid personality traits or episodic primary psychiatric
disorders. Psychological and behavioral symptoms need to be
clearly identified as novel, qualitatively different compared to
previous behavior and most important, progressively increasing.

Standardized clinical rating scales that aim at staging
symptoms severity in patients with FTLD may thus help
clinicians to guide and structure the caregiver anamnesis as well
as quantify longitudinal changes of symptoms. The well-known
Clinical Dementia Rating scale (CDR) is available in a modified
version in order to include behavioral and language dysfunctions
geared toward patients with FTD (53). The scale and associated
structured interview is available in several languages and has
proven successful in staging disease progression in bvFTD. An
alternative measurement that focuses more on specific symptoms
of bvFTD is the semi-standardized interview Frontotemporal
dementia Rating Scale (FRS), which allows a fine-grained clinical
severity staging (54).

Several other standardized scales to specifically assess
behavioral changes in patients with frontal lobe syndromes
are also available (see e.g., Table 1). These scales differ in
terms of administration (e.g., interview, standardized, or semi-
standardized questionnaires) and the included sets or domains
of behavioral symptoms. In general, standardized scales on
behavioral symptoms that focus on the core features of patients
with “frontal lobe syndromes” (e.g., behavioral disinhibition,
apathy, irritability, emotional blunting etc.) have been found to
bemore sensitive for the early detection of bvFTD (55) thanmore
general scales that are geared more toward other features (e.g.,
hallucinations, delusions) commonly seen in specific primary
psychiatric disorders [e.g., the Neuropsychiatric Inventory; NPI
(56)]. Psychotic symptoms like delusions and (auditory or visual)
hallucinations are rarely seen or reported in patients with early
bvFTD although particularly bodily delusions (e.g., altered sense
of bodily perceptions) might be more frequent in patients
that later develop MND and/or have a C9orf72 mutation (57–
59). Among the recommendable caregiver scales on specific

frontal behavioral changes are the Frontal Behavioral Inventory
[FBI (60), also available in a shortened, modified version that
may be used as a questionnaire (61)] and the Frontal Systems
Behavioral scale [FrSBe (62), similarly available in a shortened,
modified questionnaire version (63)]. The DAPHNE scale,
specifically adapted from the current FTDCdiagnostic criteria for
behavioral and psychological symptoms has also demonstrated
good psychometric properties (64). Of note, extensive normative
data stratified for age and education are usually not provided for
any of these scales and translations into languages other than
their original ones are rarely available or unofficial. In addition,
only a few studies have been conducted to compare caregiver
assessments to patients’ self-reports or clinicians’ evaluations
and it is likely that high levels of caregiver distress impact the
reporting of symptoms. In that perspective, more education and
caregiver interventions are needed in order to both, alleviate
the stress/burden and to reduce bias regarding caregiver reports
of symptom severity, especially in longitudinal assessments
(65). Finally, it seems important to highlight that behavioral
symptoms, or the way patients’ relatives react to them, may be
subject to large variations due to distinct cultural differences (66).
Currently however, the field lacks studies that have assessed how
such variations may impact behavior in bvFTD or its inception
by caregivers.

Behavioral and Psychological Symptoms

of the Current FTDC Criteria
Regarding behavioral and psychological symptoms of bvFTD, the
FTDC criteria present five core domains of symptoms, which
we will briefly summarize in the following, before we will turn
to the currently more heavily discussed “neuropsychology item”
of the criteria (in section Cognitive Dysfunctions in bvFTD).
Importantly, for a new clinical diagnosis of “possible bvFTD,” it
is sufficient that any three of the following criteria (e.g., two of
the five behavioral/psychological criteria plus the cognition item)
are fulfilled (i.e., a functional decline in this domain compared
to former level of functioning is seen). Moreover, the criteria
require that these symptoms are new and develop “early” i.e.,
within the first three years of the suspected disease onset. For
a higher diagnostic level of evidence (“probable bvFTD”), the
criteria require focal atrophy on MRI and/or hypometabolism
on PET in frontal or anterior temporal cortices or alternatively,
a documented decline of behavioral or cognitive symptoms
over time (1).

Behavioral Disinhibition
Socially inappropriate behaviors like inappropriate familiarity
or a lack of distance (e.g., staring at or touching the clinician,
making inappropriate comments or jokes, being inappropriately
jovial) during the anamnesis or during the cognitive assessment
(e.g., walking out of the room, smiling, shrugging of shoulders)
are often subtle signs of early behavioral disinhibition in bvFTD.
Difficulties to inhibit irrelevant stimuli from the environment is
often considered as a key feature of bvFTD and patients often
struggle to focus on a task because of distractors [e.g., (67)], a
symptom that has been linked to “environmental dependency”
(68) and to increased stimulus-bound thought and behavior
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(69). Pathological gambling and personal neglect or reduced self-
care (Diogenes syndrome) have been well-described (70, 71),
as well as utilization or imitation behaviors (43, 72). Anecdotal
evidence also suggests that patients with bvFTD may have
early changes regarding their preferred type of humor that
may be viewed as a “loss of manners” by others (i.e., patients
tend to make crass jokes or prefer “slapstick” humor) (73).
In some cases, patients present with more obvious dissocial
behavior (e.g., sexists comments, overt aggression) or criminal
actions even in early disease stages (74, 75). Law violations
as a potential correlate of increased behavioral disinhibition
are indeed frequently observed in bvFTD, as indicated by
studies conducted in USA, Japan, and Europe. Patients with
bvFTD for example commit law violation up to five times more
often than AD patients. These could manifest as theft, traffic
violations, physical violence, sexual harassment, trespassing, and
public urination, thus reflecting mainly disruptive, impulsive
actions (74–76). Patients may also exhibit changes in sexual
behavior, but usually show diminished sexual drive, intimacy,
and display of affection whereas only rarely hypersexual or
inappropriate/disinhibited sexual behaviors are reported (77–
79). Importantly disruptive symptoms subsumed under early
behavioral disinhibition are major predictors for caregiver
distress in bvFTD (80).

Apathy and Inertia
As a behavioral syndrome, apathy could manifest itself as a
range of concepts, such as emotional blunting, poor initiation
or persistence, indifference to choices, reduced curiosity, lack
of interest, and activities, difficulties in implementing actions
and social withdrawal. Diminished goal-directed behaviors and
intellectual activities (such as reading) as well as diminished
responsiveness to emotion are however consensually considered
as central to apathy and are among the most frequent symptoms
of bvFTD (81–83). Along with cognitive impairments, apathy
is also fundamentally related to functional disability in terms
of impaired instrumental activities of daily-living and it has
a profound impact on patients’ relatives (83–85). Immobility
and reduced levels of daytime activity for example are seen
in almost all patients with bvFTD and are a major source
of caregiver distress (85). Along with cognitive impairments,
apathy is also closely related to functional disability in terms of
impaired instrumental activities of daily-living (86). Excessive
TV watching, which may be observed more often in bvFTD
than in AD may be perceived as a typical symptom of apathy
(87), as well as a general reduction of interest toward pre-
morbid activities. Importantly, apathy/inertia (i.e., “negative”
symptoms) as well as disinhibited, agitated, or impulsive
behaviors (i.e., “positive” symptoms) are no contradiction, but
are often concomitantly present in patients with bvFTD and may
be differentially triggered by certain situational cues (88). Also
potentially related to overall levels of apathy, during anamnesis,
patients may show a monotonous speech pattern that lacks
modulation and prosody (89, 90). To assess specific symptoms in
more detail, the Apathy Evaluation Scale [AES (91)] is available
to clinicians.

Loss of Empathy or Sympathy
Adiminution or lack of empathy is frequently observed in bvFTD
in everyday social contexts and often has considerable negative
consequences on caregivers (92). Lack of empathy relies on
the interaction of several cognitive and sensorimotor processes
(93, 94) and thus is a multifaceted symptom (95) that may
be grossly defined as a deficit to share other’s affective states
(e.g., fear, sadness) leading to an absence of affective concern
(and subsequently prosocial behaviors like comforting, helping
or caring) for them. In its consensual definition, sympathy
does not require one to share a specific affective state with
someone else but would rather consist in an emotional reaction,
such as sorrow or concern, to other’s affective experiences (96).
These symptoms could manifest as a diminution of projections
into fictional situations such as in movies or books but more
frequently, caregivers report a decreased spontaneous tendency
to react to other’s feelings (97). For example, patients could state
their thoughts without considering the feelings of their colleagues
or relatives (98). This detachment from friends and family
go beyond what could be considered as social withdrawal—as
observed in depression or apathy—because it also involves an
“emotional blunting” about other’s feelings, or, more generally,
an overall lack of affective involvement. These deficits often
lead to unmoderated, tactless, rough, and sometimes aggressive
remarks from patients toward others, including their closest
family, leading to what is often perceived as a very selfish
and egocentric behavior (67). For instance, patients could be
disinterested in spending time with their kids (99), they can be
indifferent when their next-of-kin are hospitalized due to illness
(98) or they may appear unimpressed when their partners cry
during anamnesis. Empathy deficits often have a considerable
impact on the family environment and are potentially dramatic
for relatives and caregivers, especially as patients with bvFTD
could overestimate their own empathic abilities (100). Overall,
although empathy decrease can be observed in AD as well, it is
substantially higher in bvFTD and plays a more important role in
caregiver distress (33, 101). For a standardized clinical assessment
of empathy deficits, the Interpersonal Reactivity Index [IRI,
(102)], a caregiver questionnaire may be used.

Perserverative, Stereotyped, or Compulsive/

Ritualistic Behaviors
Patients with bvFTD frequently become rigid and inflexible
regarding daily routines, which they want to preserve, and a
substantial proportion develops unusual rituals or behaviors
such as hoarding or collecting, similarly to what is observed
in obsessive-compulsive disorders (103). Other anecdotally
reported ritualistic behaviors are inflexible grooming or walking
routines, counting and strict timekeeping as well as checking
or sorting behaviors (14). However, in contrast to obsessive-
compulsive disorder, these rituals are not due to compulsions
in bvFTD as neither their expression nor their disruption are
related to feelings of anxiety (104). Utterances during anamnesis
may thus also appear stereotypic and repetitive and some patients
present with additional verbal and/or simple repetitive motor tics
(105). A proportion of patients develop a disinhibited drive to
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listen to music, and some may change their preferred music-
style toward less complex music which they may consume in a
preserverative manner (106). Creativity abilities have been shown
to change during the disease, with patients exhibiting more naïve,
stereotypic, and repetitive form of creation (107, 108).

Eating Behavior and Dietary Changes
Patients with bvFTD show significantly stronger changes in
stereotypic/altered eating behaviors compared to AD patients
(109). A marked hyperphagia (i.e., higher calory intake) has
been found as quite specific for bvFTD when compared with
other forms of neurodegenerative dementia syndromes, although
patients with semantic dementia may also present with similar
symptoms (110, 111). A craving for sweet food (“sweet tooth”)
and a disinhibited, impulsive pattern of eating has been also
frequently described as an early and specific sign of bvFTD,
with sometimes patients stuffing aliments into their mouth and
eating very quickly (binge eating). Patients with bvFTD may
also be affected by hyperorality (e.g., Pica-syndrome, i.e., trying
to eat inedible things or increased cigarette consumption) and
various other dietary changes (112). While this section suggests
that cognitive impairments are closely associated with changes
in eating beahviors, it is important to highlight that elevated
levels of leptin and insulin in bvFTD (as a direct consequence of
hypothalamus atrophy) have also been linked to these symptoms
(113, 114). The Appetite And Eating Habits Questionnaire
[APEHQ (115)] may be used by clinicians to assess specific
information on eating habits in a standardized way.

COGNITIVE DYSFUNCTIONS IN BVFTD

Although cognitive dysfunctions are numerically less weighted
in the FTDC criteria for bvFTD, representing only 1 out of
6 criteria, the assessment of cognitive performance remains
crucial for clinical diagnosis and patient management. Given
that the previously described behavioral and psychological
changes are often more visible in bvFTD, substantial cognitive
impairments (that may account for some of the behavioral
symptoms) may easily be overlooked. Recent studies have shown
that the vast majority of patients with bvFTD already present
with major cognitive dysfunctions in early disease stages when
compared with normative data stratified for age and education
(116, 117). Presymptomatic mutation carriers (with MAPT
mutation) even present with specific (i.e., social cognition and
memory) impairments respectively, 2 and 4 years before the
diagnosis of bvFTD (118). Critically, commonly used multiple
domain screening tests for dementia like the Mini Mental State
Examination [MMSE (119)], the Montreal Cognitive Assessment
[MoCA (120)] or even the more extensive Addenbrooke’s
Cognitive Examination [ACE-III (121)] may lack sensitivity to
detect bvFTD in early stages and/or specificity to delineate the
disease from other conditions, thus clearly warranting a more
detailed neuropsychological assessment.

The neuropsychology item in the current criteria requires a
cognitive profile of “executive/generation deficits with relative
sparing of memory and visuospatial functions” which primarily
aims at delineating the cognitive profile of patients with

bvFTD from patients with AD (1). An array of recent studies
however, revealed a large overlap between early bvFTD and
other neurodegenerative diseases (including AD) regarding
cognitive performances when using standard neuropsychological
test batteries and when examining standard cognitive domains
only (117, 122–125). We will thus now summarize the
current evidence regarding the cognitive domains mentioned
in the criteria (section Cognitive Dysfunctions in bvFTD) and
subsequently review newer evidence regarding other cognitive
domains (namely social cognition and praxis abilities) that are
currently not represented in the criteria (section Promising
Cognitive and Psychological Markers for bvFTD Beyond Current
Diagnostic Criteria). We finally summarize evidence on impaired
processing of interoceptive signals which may constitute a link
between a range of cognitive and behavioral deficits in bvFTD.

Executive Functions
Executive functions is an umbrella term for cognitive processes
that rely on higher-order cognitive control mechanisms that
are proposed to be mainly subserved by a large fronto-parietal
network (126, 127). Although the proposed cognitive core deficits
in bvFTD are executive dysfunctions, mixed results have been
found when evaluating the (differential-) diagnostic properties of
performance in neuropsychological tests for executive functions
typically used in clinics (116). Executive dysfunction is a common
symptom in a range of other neurodegenerative cognitive
disorders including Parkinson’s disease dementia (128), AD
(129), dementia with Lewy-Bodies (130) as well as vascular
cognitive impairment (131). When patients reach at least
moderate disease severity stages, performances in tests for
executive performance becomes strikingly similar across these
diagnoses. But even in early stages, assessment of executive
functions could not allow to always differentiate bvFTD from
AD (116, 122, 125, 129, 132). In addition, executive impairments
could be similarly present—or more severe—in a wide range
of psychiatric disorders (133–135) and may thus provide only
little help for differential diagnosis of bvFTD. Brief screening
tools commonly used in clinics and specifically designed to
rapidly assess a range of executive functions through a set
of commonly employed single tasks [e.g., Frontal Assessment
Battery (FAB) (136), INECO Frontal Screening (IFS) (137),
FRONTIER Executive Screen (FES) (138)] have shown to
effectively detect patients with bvFTD in the general population
but have failed to consistently show sharp dissociations between
different neurodegenerative dementia syndromes (139). Looking
at standard single neuropsychological tasks for executive
functions, performances of patients with bvFTD were frequently
not unequivocally distinguishable from patients with other
neurodegenerative dementia syndromes, including AD (117,
122, 125). This observation remains valid even with the
use of more comprehensive evaluation relying on specific
neuropsychological batteries such as the Executive Abilities:
Measures and Instruments for Neurobehavioral Evaluation and
Research (EXAMINER) (129) or the Delis-Kaplan Executive
Function System (D-KEFS) (127, 140). When possible, the
following part will address the different discriminatory ability
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of tasks related to classically defined executive domain in the
differential diagnosis mainly of bvFTD and AD in early stages.

Response Inhibition and Cognitive

Flexibility
Disappointing results in terms of clear discriminative abilities
have been shown for the Stroop tests (117, 141, 142), the
Wisconsin-Card-Sorting test (143) and graphical sequences
(142). Another commonly used test, the Trail-Making-Test part
B (TMT-B) may even be more impaired in patients with AD
compared to bvFTD (144) although bvFTD patients may be
more insensitive to errors in this task (145). Environmental
dependency symptoms such as imitation or utilization behavior
have been described as more frequently observed in bvFTD
than in AD (43, 72) but the variability of their assessment
procedures and the probable multidimensionality of these
symptoms (68) may have limited the investigations about their
clinical relevancy and applicability. Even though saccade or
anti-saccade abnormalities are sometimes reported as typical of
bvFTD (46, 146), executive-related oculomotor function have
been found to be impaired in AD as well (147), although theymay
be preserved in early disease stages (148). A range of studies have
shown that the Hayling test may be a good candidate to more
reliably distinguish patients between bvFTD and early AD on the
level of individual cases (116, 149) but more research is needed to
safely recommend the use of this test in this context test as some
contradictory findings have also been reported (142, 150).

Abstract Reasoning
Verbal abstraction deficit as evaluated by
categorization/similarities tasks is observed in bvFTD as opposed
to AD, during the early stages of the disease (151, 152). These
findings are in line with reported increased deficit in proverb
interpretation in bvFTD compared to AD (153), although the
semantic load of both tasks could also critically impact the
performance due to polar temporal involvement (154). On
the contrary, clock hand placement in the clock drawing test,
hypothesized as involving the ability of abstracting the concept
of time and its specific indication, have been shown to be altered
preferentially in early AD as compared to bvFTD (155).

Initiation
Design/figural fluency tasks (e.g., 5-point test) are not
differentially impaired in bvFTD compared to AD (144)
although one study has found a higher number of qualitative
repetition errors (156). Patients with bvFTD may score lower
compared to AD patients in lexical fluency tasks (129, 157)
and may also display a distinct ratio of semantic fluency vs.
letter fluency with relatively less impairment in semantic
fluency (158, 159).

Strategic Reasoning (Multitasking, Planning Abilities)
The Brixton test did not show any dissociation between bvFTD
and AD (160, 161). This is also the case for the Tower of London
test (162) although the use of qualitative information has been
showed to have the potential to help the discrimination between
both diseases (163). The Multiple Errands Test, the Zoo Map

(from the Behavioral Assessment of the Dysexecutive Syndrome;
BADS) and the Hotel task have all been found to be impaired
in bvFTD (149, 164) but the lack of data in AD does not support
their use in the context of clinical differential diagnosis. Cognitive
estimation has been shown to be impaired in bvFTD as compared
to amnestic MCI only (165).

Working Memory and Attentional Control
Auditory attention and verbal working memory deficits have
been retrieved through digit span forward and digit span
backward tasks respectively, (129, 143, 144) and were neither
exclusively nor specifically impaired in bvFTD when compared
with AD. Selective attention could be more impaired in bvFTD
than in AD as well (141).

Memory, Episodic Future Thinking, and

Spatial/Topographical Navigation
Relative sparing of episodic memory remains a diagnostic feature
in the neuropsychological criterion for bvFTD and has been
historically heralded as one of the clinical gold standards to
distinguish bvFTD from AD. However, this notion has been
challenged by a study showing that bvFTD could present
with severe amnesia, similarly to what is observed in AD
(166). The critics that were made to this study (i.e., patients
included only received clinical diagnoses and memory storage
was only assessed through free recall testing) were addressed
in an independent study with diagnoses supported by AD/non-
AD biomarkers and memory assessment based on free and
cued recall testing that showed similar results and proposed
the existence of an amnestic variant of bvFTD following the
observation of a bimodal distribution of patients (167). In the
next years, several studies showed similar results and helped to
further characterize the memory dysfunctions in bvFTD (168–
170). A recent meta-analytic review confirmed a 37–62% overlap
between bvFTD and AD in learning and recall test performance
(171). Independent of the memory test used, the classic profile
of bvFTD, i.e., a decreased spontaneous/free recall that can be
normalized using recall cues could still be observed in about
half of patients with bvFTD, however vast deficits in encoding,
storage, and consolidation are present at a similar frequency.
Likewise, recognition deficits have been observed in bvFTD
(172, 173) further complicating differential diagnosis against AD.
Interestingly, longitudinal studies have shown that early bvFTD
could already present with severe amnesia (116, 132), in line with
a neuropathological study of early FTD (174). While these two
longitudinal studies showed a comparable rate ofmemory decline
in bvFTD and AD, another one showed an even faster decline in
bvFTD (175). Episodic future thinking, assumed to rely on the
same neural mechanisms, has shown to be impaired in bvFTD
(176) as well as the emotional enhancement of memory (177),
in contrast to mild AD. Prospective memory is also impaired
in bvFTD, similarly to AD, in both time-based (the ability to
remember and execute an intended action at a future time) and
event-based (when a specific event occurs) dimensions (178,
179). Both, recent and remote autobiographical memory were
also shown to be impaired in bvFTD as well (180) but only in later
stages of the disease (181). The only domain related to memory
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that seems to be robustly preserved in bvFTD as compared
to AD is navigation ability. Topographical short-term memory
has been found to be preserved in FTD (182), a finding which
has been corroborated by recent studies showing that spatial
orientation performance and particularly egocentric orientation
(representation of spatial relationships in relation to separate
objects) seems better preserved in early bvFTD and could thus
allow an effective discrimination against early AD (183–185).

Visuo-Spatial and Visuo-Construction

Abilities
Drawing or copying of spatially complex (e.g., three-
dimensional) figures and abstract forms (sometimes also referred
to as constructional praxis) is a multifactorial process relying on
a widespread bilateral neural network from temporo-occipital
to parietal and lateral frontal areas (186, 187). From a cognitive
stance, visual-perceptual abilities, planning abilities, and more
general cognitive control processes are involved in figure-copy
performance. Performance in tasks for visuoconstruction, such
as drawing and figure copy abilities, has consistently found to be
significantly more impaired in patients with AD as compared
to bvFTD, and some studies suggest that visuoconstruction
and visuoperception may be a specific and unique cognitive
marker for preclinical AD (185, 188–191). In two samples (one
of which included autopsy-proven FTD patients), patients with
FTD had higher scores in the clock drawing test (192, 193).
The domain of figure-copy abilities and visuoconstruction
has further been shown to be particularly well-preserved in
bvFTD over time in comparison to AD and other conditions
(175). However, C9orf72 mutation carriers may be more likely
to present with visuoconstructional deficits than non-carriers
(61, 194). An in-depth assessment of visuospatial processing
and visuoconstructional abilities e.g., using tests like the Rey-
Osterrieth complex figure test (RCFT) is nevertheless highly
recommended for the clinical differentiation between bvFTD
and AD (195). Although some patients with bvFTD may still
perform bad in some figure copy tasks, this is usually due to
a deficit in perceptual organization and planning abilities and
not due to a genuine visual-perceptual impairment (196, 197).
It is thus recommended to qualitatively take into account the
type of errors (e.g., planning deficits vs. spatial deficits) as spatial
errors are particularly indicative of AD (198). There are several
coding systems available to qualitatively study the types of errors
in a visuoconstructive task like the Rey Complex Figure Test
(199). Another specific qualitative error in figure-copy tasks that
has previously been linked to executive dysfunction in patients
with dementia is the phenomenon of “closing in,” in which the
patient draws the copy very near to the model (200). It will be
of particular interest whether qualitative assessment of this and
other drawing errors may further enhance differential diagnostic
efficiency for bvFTD.

Summary of Cognitive Dysfunctions in

bvFTD as Stated in the FTDC Criteria
Taken together, although the majority of studies have confirmed
patients with bvFTD to show executive impairment, the proposed

prototypical “profile” of pronounced executive dysfunction in
bvFTD seems to be of low specificity and the cognitive
dysfunctions displayed by patients with bvFTD are more
heterogeneous than previously assumed. Although studies
conducted in pre-diagnosed genetic bvFTD patients show that
attention and executive functions could be early markers of
MAPT or GRN mutations (118, 201, 202), they do not seem to
precede other early cognitive impairments such as facial emotion
recognition deficit or even memory storage impairments (118,
203). Furthermore, not all executive subdomains seem to be
impaired in early bvFTD, questioning the notion of a general
executive core deficit in bvFTD irrespective of disease stage
(116). Small series of cases reports have indeed shown that in
the earliest stages of bvFTD, executive functions may be normal
(204). Overall, converging evidence rather suggests that only a
subset of executive tasks that heavily rely on basic behavioral and
motor inhibition abilities are robustly impaired in bvFTD, mostly
irrespective of disease stage (116, 139, 142, 205).

PROMISING COGNITIVE AND

PSYCHOLOGICAL MARKERS FOR BVFTD

BEYOND CURRENT DIAGNOSTIC

CRITERIA

In the following section we aim to review newer developments
regarding the early detection of bvFTDmainly through cognitive
domains currently not mentioned in the FTDC criteria and
to give practical suggestions regarding their assessment in
clinical routine.

Social and Affective Cognition
Social cognition refers to a set of cognitive processes devoted
to, or at least critically involved in, normal social interactions.
This conceptual and somewhat arbitrary definition allows
disentangling some mechanisms quite specific to the social
dimension of cognition from others that may not be considered
as specifically “social” despite their importance in interpersonal
relationships such as language (206). Affective cognition may
be defined as the mechanisms involved in emotional mediation
of decision making and judgments, such as valence and reward
processing, reinforcement, motivation etc. Both domains overlap
widely as in one hand, mechanisms related to affective cognition
often underlie social adjustment and in another, group, society,
and culture could define or modulate the valence of behaviors.
While this field of neurosciences is still emerging, studies that
were focused on social and affective cognitive processing in
bvFTD have flourished early in the 2000s and have contributed
to develop our knowledge on the cognitive domain of social
cognition besides helping the characterization of the disease
(207, 208). In particular, these early studies showed that bvFTD
patients could present a severe and early deficit in facial emotion
recognition and theory of mind (or mentalizing), a cognitive
ability allowing to infer other people’s state of mind, such as what
they want, think or feel. These pioneering works were followed
by studies aiming to characterize the impairments in bvFTD in
contrast to its most frequent differential diagnoses (209–214), to
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identify the neural correlates of these deficits (215, 216) and to
finally enhance the accuracy and earliness of the clinical diagnosis
(164, 212). In parallel, the exploration of social and affective
cognition in bvFTD also enriched the computational modeling
of cognition (217, 218), increased our understanding of the
cognitive architecture (219, 220) and provided new theoretical
models of social functioning (221). The prototypical social
impairments observed in bvFTD have led many to explore social
cognition functions in this disease, maybe more than in any other
brain disease or neuroatypical functioning, except autism.

Theory of Mind, Mental State-Inference
An impairment in theory of mind abilities has been extensively
described in bvFTD (222, 223). Deficits have been observed using
different paradigms based on false-belief (224–226), detection of
sarcasm (210, 227) or insincere communication (228), agency
attribution (229), as well as emotional inference or attribution
(209, 230, 231), emotional movement-based inference (232) and
social faux pas detection and understanding (207, 209, 212, 213).
While similar deficits may be observed in AD as well [e.g.,
(225, 229) for a review, see (233)], they seem to be variable
and to depend on the severity of the disease. In contrast to
AD, theory of mind deficits in bvFTD were only sparsely or
not associated with other cognitive dysfunctions(209, 225, 232)
and only little associations with other cognitive dimensions
in bvFTD have been found when cluster-based or regression
analyses specifically investing these relationships were employed
(219, 220). Considering cases of selective impairment of theory
of mind in bvFTD [e.g., (204)], and the vast evidence for theory
of mind processing deficits across a wide range of different tasks
(i.e., from simple first-order false belief task to more complex
test requiring context and social norms processing such as in
faux pas detection tasks), a primary deficit of theory of mind in
bvFTD, somewhat independent of other cognitive dysfunctions
becomes likely. In contrast to that, in AD, a secondary deficit
(i.e., impacted by memory or executive dysfunctions) may be
assumed (220, 223, 232, 234). However, the primary vs. secondary
opposition needs to be refined and may lack of clinical relevancy
for single case diagnoses until more reliable measures of theory
of mind are available for clinical routine.

Emotion Recognition, Responding, and

Expressiveness
Emotion recognition deficits in bvFTD have also been very
well described since the earliest studies. Static (208, 235) as
well as dynamic (236) facial expression of emotion have been
particularly found to be under recognized in bvFTD despite
increased eye fixation time being reported (237), with patients
over-relying on external contextual information to decode the
emotion (238). Emotion responding is also disturbed, with
patients showing a diminished self-conscious emotional behavior
(embarrassment and amusement) as well as a diminished
associated physiological response, particularly toward negative
emotional stimuli (239, 240). Similarly, blunted expressiveness
in response to emotional stimuli, especially in low-intensity
context and decreased autonomic responses such as skin
conductance have been observed in bvFTD (241–244). Finally,

recent investigations have showed that patients with bvFTD
could have difficulties to imitate facial emotion expressions (245).
In contrast, independent from the test considered, a systematic
review recently conducted has shown that impairment in facial
emotion recognition is not a consistent finding in AD and
depends on disease severity (246–248).

Self-Related Representations and Agency
Self-related representations are impaired in bvFTD which is
sometimes considered as a “prototypical disorder of the self ”
(249). Patients tend to overestimate their functioning in daily
living activities, cognitive, emotional or motivational control,
empathic, and social/interpersonal domains (100, 214, 250). As a
consequence, they also underestimate their cognitive difficulties
and have poor insight about their brain condition and its related
management (214, 251). Patients could show inaccurate self-
awareness of their current personality (252) and have diminished
monitoring abilities and autonomic and emotional reactivity to
errors in objective tasks (253, 254). There is also a diminution
of the self-reference effect in bvFTD, known to increase
performance in controls during memory processing (249).

Social Norms and Rules Processing Deficits
While social norms and rules processing deficits have never
been assessed through objective testing in bvFTD unlike in
other conditions [e.g., (255)], converging evidence suggest a
global deficit in this domain. The differentiation within a culture
between proper and improper behaviors that is made through
morality mostly provided the most frequent context to assess
this domain in the past 20 years. Findings from these studies
reported no differences with controls on the evaluation (in
terms of right or wrong) of conventional rules such as “how
wrong is it if you keep money found on the ground” or in
standard moral dilemma such as the Trolley Car Dilemma, in
which patients have to adopt a utilitarian choice by deciding
between causing the death of either one or five workmen
(256). In addition, ratings of responsibility, blameworthiness
and punishment were similar between bvFTD, AD and controls
in a task involving moral transgressions in low (e.g., cheating
for taxes) or high (e.g., murdering one own family) emotional
context (257) in a deterministic context (i.e., without free will).
However, differences between bvFTD and controls and AD
were retrieved in the Footbridge Dilemma that is supposed
to illicit empathic concern with a character of the story, as
well as in evaluations of social and moral rules that have
been considered as being grounded in mutuality and others’
respect (256, 258, 259). Interestingly, patients were reported
to verbalize less discomfort and also have reduced autonomic
response during moral dilemma (256, 260) compared to controls.
Lack of empathy, emotional blunting, and cognitive flexibility
deficits have been considered as potential explanation for such
deficits, as well as an impairment regarding the integration
of social contextual information. More recently, the use of
more sophisticated tasks to assess moral judgments showed that
bvFTD over-rely on outcomes rather than intentions to consider
attempted or accidental harms as permissible or not, therefore
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judging attempted harm as more permissible and accidental
harm as less permissible than controls (261).

Reward Processing Deficit and Affective Decision

Making
Only a few objective tasks have been used to assess reward
processing in bvFTD but they showed that reward processing
deficits are also very commonly observed in this disease. Patients
could present a general deficit in reward valuation (262, 263)
and thus, stimulus-reinforcement learning impairment (264). In
patients in earlier stages of the disease who were not impaired
in reinforcement learning, difficulties to suppress a previously
rewarded behavior when it becomes punishing were observed
(215), a lack of “reversal learning” that could prevent the quick
adjustments that are needed on a daily basis in the social life.
Although social rewards processing itself has been only rarely
investigated in bvFTD, one study suggest that patients could be
more indifferent to reward in comparison to AD and controls
(265). Patients also showed a decreased sensitivity to negative
stimuli (266) and delayed reward (267) as well as an absence
of some natural decision-making bias such as the certainty
effect, leading to a pathologically, albeit more rational, decision-
making behavior (268). An innovative, laboratory-based, free-
feeding study suggested that binge eating could be partially
mediated by reward processing deficit as well, a result coherent
with the fact that food is processed as a primary reward in the
brain (269). In most of these different tasks, an AD group was
included as a pathological control group and showed normal
or subnormal performance in comparison to bvFTD. Reward
processing deficits could thus be considered as an interesting
cognitive marker of bvFTD but more reliable tasks are needed
for clinical assessment.

Although the aforementioned tasks could be considered as
assessing “decision-making” because they frequently involve
binary choices between two items that are modulated by reward
or punishment, the concept of decision making has mostly been
retained to describe choices based on more complex information
processing. In this context, apart from one exception (270),
the Iowa Gambling Task has been employed, but revealed
controversial results for the diagnosis of bvFTD. While early
studies showed a good sensitivity (164) and specificity (209),
others reported less clear results (213, 271), revealing a large
intra-group variance in patients with bvFTD and AD as well as
in controls that was dependent on levels of explicit knowledge
individual participants had developed during the task [for a
discussion, see (213)].

Symptomatic Behaviors of bvFTD

and Social/Affective Cognition Impairments
While direct relationships between specific dysfunctions of social
and affective cognition and abnormal behavior in bvFTD still
have to be investigated in depth, social cognition assessment
offers an objective evaluation of abilities that may drive many
aspects of behavior. For example, a deficit in emotion recognition
may prevent patients to recognize sadness, fear or anger in others’
faces and to adapt their behavior accordingly. An impairment of
theory of mind abilities would prevent patients to grasp others’

mental states or feelings and thus to predict others’ perspectives
or actions, leading to behaviors that might appear egocentric
or selfish. Similarly, a pathological theory of mind or empathy
deficit could lead to commit abuses (223), or to be victim of one.
The disintegration of social norms knowledge could also interfere
with day-to-day adaptations in new social groups or contexts and
may be associated with law violations in bvFTD (272). Alterations
in reward processing may have an impact on the motivational
aspects of what drives or regulates day-to-day behaviors, and
could thus lead to apathy and lack of interest toward others,
activities or things (83) and to a decrease of prosocial behavior
(273). Likewise disinhibited eating patterns and binge eating
has been associated with particular brain circuits involved in
reward processing (269). Describing and delineating the different
cognitive processes that drive or regulate behavior and that allow
a smooth social life is thus among the biggest challenge inmodern
social and affective neurosciences [e.g., see the recent attempts to
delineate apathy into distinct cognitive mechanisms (274, 275)].

Clinical Assessment of Social and Affective Cognition
The identification of social and affective cognition as a distinct
cognitive domain [as in the current edition of the Diagnostic And
Statistical Manual For Mental Disorders, DSM-5 (276)] allows
researchers and clinicians to specifically target its mechanisms
for research and clinical assessment. By contrast to behavioral
scales or questionnaires such as the IRI, the Social Behavior
Observer Checklist or the Social Norms Questionnaire (277),
neuropsychological tests of social and affective cognition abilities
offer an objective assessment, less impacted by inter-rater
variability and by caregivers or clinicians’ subjectivity. Thus,
although the assessment of social and affective cognition is
not mentioned in neuropsychological criteria of bvFTD, we
recommend assessing at least one of the aforementioned
functions when a social and/or affective cognitive impairment
is suspected. Clinically suitable assessment tools differ widely in
their length, reliability and norms availability. Clinical validity,
i.e., an appropriate sensitivity and specificity for bvFTD is also
a key criterion to guide the choice of a clinical tool. Although
comparative validity studies are rare, some meta-analyses have
been conducted to explore the ability of functions or tests to
distinguish bvFTD from AD. For Facial emotion recognition,
Ekman faces (278) or dynamic stimuli from the first part of The
Awareness of Social Inference Test [TASIT (279)] are among
the recommendable assessments in this perspective (280), while
the later may not be available in languages other than English.
A novel approach to assess emotion processing, which might
be more sensitive to slight or subtle impairments is the rating
of facial emotion intensity instead of labeling facial emotional
expressions (281). For the assessment of theory of mind, Faux pas
recognition tests and, to a lesser extent, sarcasm detection appear
to be particularly useful to distinguish bvFTD from AD (233).
However, particularly faux pas recognition tests are dependent on
intact language comprehension, abstract reasoning and patient
motivation, limiting their use to early stages of neurodegenerative
cognitive disorders (231). Among validated batteries allowing
the assessment of both functions (emotion recognition and
theory of mind), the TASIT and the mini Social cognition and
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Emotional Assessment [mini-SEA; (212)] offer good clinical
sensitivity and specificity. Beyond these tools mostly developed
for or with patients in neurodegenerative diseases, the Wechsler
Advanced Clinical Solutions Social Perception subtest (282), the
Edinburgh Social Cognition Test (283) and the EMOTICOM [for
Emotion, Motivation, Impulsivity, and Social Cognition (284)]
could offer alternative multi-dimensional assessments of social
cognitive functions with less language load, but their applicability
in neurodegenerative syndromes has not yet been assessed.

Apraxia
Still relatively poorly understood, apraxia is a multifactorial
cognitive disorder affecting skilled movement, tool-use and/or
gesturing on command despite intact task comprehension and
basic sensorimotor functions (285). Impairments in praxis
abilities can differentially involve imitation of limb gestures
or face postures, the performance of communicative gestures
(e.g., pantomiming the use of a common tool) or actual tool-
use on command (286). Apraxic movements are qualitatively
characterized by slow, insecure, and inaccurate movements
which are performed in a halting and erroneous manner
including frequent self-corrections (287). Historically, apraxia
has been almost exclusively identified and studied in patients
with left hemispheric stroke and comorbid aphasia (286, 288,
289). Nonetheless apraxia can also occur in the absence of
aphasia, after e.g., right-brain lesions and also in a range
of neurodegenerative disorders of which AD has been most
extensively studied (290–295).

Apraxia and Impairment of Praxis Domains in

Neurodegenerative Diseases
Despite explicit recommendations in consensus diagnostic
guidelines for early neurodegenerative dementia syndromes
(296) as well as its mentioning as a cognitive subdomain of the
visual-perceptual abilities in the DSM-5 (276), the assessment
of praxis disorders is currently widely neglected in clinical
and neuropsychological diagnostic routine for patients with
suspected dementia. Only recently, apraxia has gotten into the
focus of clinical research on the early detection and differential
diagnosis of neurodegenerative dementia syndromes such as
bvFTD and AD (122, 297–300). Although results highly depend
on the employed assessment methods and the tested praxis
domains, an array of studies has now shown that patients with
bvFTD show overall poorer performance in quantitative praxis
tasks as well as clinical evaluations of praxis performance (297–
301). Regarding the affected dimensions of praxis dysfunction,
evidence suggests that performance in the domains imitation
of meaningless hand or limb postures, pantomime of common
object-use, and particularly imitation of face-postures are each
significantly reduced in early stages of bvFTD compared to
healthy age-matched controls (299, 302). These results are
particularly intriguing as patients with bvFTD show no or only
minor comorbid language symptoms in clear contrast to the
prototypical apraxic and aphasic patients after left-hemispheric
stroke. When compared to patients with AD, bvFTD patients
present with a praxis profile of similar or less severe limb apraxia

(i.e., imitation of meaningless gestures and pantomime of object-
use) but relatively more pronounced buccofacial [or “orofacial,”
sometimes used synonymously (303)] praxis deficits with a
particular impairment regarding the imitation of face postures
(122, 297, 299, 301, 302). Across different samples and using
diverse apraxia tests such a relative “buccofacial apraxia profile”
robustly showed high diagnostic accuracy for the diagnosis of
bvFTD and also stood out among several established standard
neurocognitive tests and domains (including standard memory
and executive tasks) regarding diagnostic accuracy for the
discrimination between AD and bvFTD (122, 301). Conversely,
a praxis profile that is more indicative of AD (i.e., relatively
more deficits in imitation of spatially complex, semantically
meaningless limb gestures as compared to facial imitation)
successfully predicted ß-amyloid levels (a core biomarker for AD)
in the CSF of patients with a wide range of different clinical
dementia syndromes (304). Although more research is needed,
these results suggest that disease-specific praxis profiles may be
related to underlying pathology beyond clinical presentations of
neurodegenerative diseases.

Neural Substrates of Praxis Impairments
Regarding neural correlates of praxis impairments, large-
scaled lesion studies in patients with stroke imply that limb
praxis skills are subserved by densely interconnected but
also segregated functional neuroanatomical networks involving
parietal, temporal and frontal cortices mainly within the left
hemisphere (305–308). More specifically, converging evidence
point toward the involvement of at least two segregated neural
“streams” for limb praxis [dual-stream model for action (309)].
A “dorsal stream” (leading from occipital visual areas via the
parietal cortex into pre-motor areas) is suggested to be involved
in gross visuospatial analysis of postures, online-sensorimotor
control (e.g., important for the grasping of objects) as well as
holding representations of learned skilled movements. For the
latter function, neural correlates have been found primarily in
the inferior parietal lobe (IPL) so that some authors subdivide
this part of the dorsal stream into a “ventro-dorsal stream” (309).
The ventral stream (leading from occipital visual areas via the
temporo-parietal junction into the anterior temporal lobe) may
be more involved with analysis of semantic aspects of gestures
and movements including object identification and knowledge
about the use and function of tools (307).

To our knowledge, only one study specifically investigated
correlations between praxis performance and brain volume in
patients with early stage bvFTD and AD so far (310). The
authors found significant correlations between performance
on the imitation of meaningless limb gestures and volumes
of parietal cortices (primarily the IPL and the precuneus),
mostly compatible with neural models of limb apraxia derived
from patients with stroke. For object-pantomime, the results
pointed toward a distinct involvement of the right hemisphere
(correlation withmiddle right temporal gyrus and angular gyrus).

The neural correlates of deficits in buccofacial praxis
abilities (as previously mentioned, a domain that is often
specifically impaired in bvFTD) are however, mostly unknown
regardless of whether investigating patients with stroke or
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neurodegenerative diseases. Anecdotal evidence however, points
toward involvement of (medial) frontal areas and the frontal
operculum in buccofacial praxis abilities and/or imitation of face
postures (245, 311–313). Interestingly, buccofacial apraxia has
also been reported in patients with MND (303).

Clinical Assessment of Praxis Impairments
Praxis dysfunction in bvFTD and other neurodegenerative
dementia syndromes may well be tested with standardized
assessment tools designed for stroke patients [e.g., Cologne
Apraxia Screening (CAS) (314), Test of Upper Limp Apraxia
(TULIA-AST) (315)]. However, these tests have not been
validated in neurodegenerative dementia samples thus far and
it has also not been addressed whether the praxis subdomains
included in these tests are similarly relevant or important
in neurodegenerative diseases. An exception with that regard
is the Dementia Apraxia Test (DATE) (302), which has
been constructed using a data-driven approach in order to
maximize its utility for the early detection of patients with
neurodegenerative dementia and particularly for differential
diagnosis between AD and patients with FTD. The test is freely
available, offers clinical cut-off scores for dementia (vs. healthy
age-matched controls) and has been initially validated in patients
with early AD, bvFTD and healthy elderly participants. The
test has since also proven valuable for the differential diagnosis
of language variants of FTD, showing evidence of disease-
specific “apraxia profiles” (301). Data on praxis impairments in
other early neurodegenerative patient groups (e.g., Parkinson’s
disease) as well as more extensive normative data for the DATE
involving healthy controls from diverse cultural backgrounds is
currently collected.

Interoception and its Potential Links With

Social Cognition, Apraxia, and Behavioral

Symptoms of bvFTD
Interoception refers to the mechanism allowing us to perceive,
infer, and predict our own physiological state through the
integration of multimodal sensory input arising from the current
state of the body (316). This sense of the body’s internal states
involves a large-scale brain system among which the insula, the
thalamus, the anterior cingulate and the somatosensory cortices
play a critical role (317). In bvFTD, interoceptive accuracy, and
awareness have been shown to be decreased, notably in relation
to fronto-insular gray matter and connectivity decrease (i.e.,
alterations in functional network connectivity). For example the
so-called salience network, functionally connecting the main
structures that were identified to be involved in interoceptive
processing, has found to be attenuated in bvFTD (318, 319).
Deficient processing of internal somatosensory signals in bvFTD
has been shown across an array of different modalities including
pain, temperature, and heartbeat perception, strengthening
the hypothesis that the interoceptive function is a domain-
general system supporting or at least strongly overlapping with
emotion, motivation/reward processing and affective mental
state inference (i.e., theory of mind abilities) (318, 320–324).
Compared with healthy subjects, patients with bvFTD for
example showed a lower autonomic response toward emotional

stimuli (243, 244, 325), even when accuracy of detection was
similar (326). Another recent study suggests that interoceptive
impairment in different variants of FTD may be related to lower
autonomic responses as well as to cognitive aspects of correctly
analyzing body state representations (327). Because of the
importance of emotion and theory of mind deficits in bvFTD as
well as the increasing evidence pointing to interoception deficits
and the associations of these deficits with insular damage, bvFTD
may represent a prototype to investigate the relationship between
these functions and could bring clinical data to understand the
generative and predictive nature of the embodied mind.

With regard to links between apraxia, social and affective
cognition, and interoception, preliminary data suggest that
deficits in the imitation of facial postures may be correlated with
facial emotion recognition performance and to a lesser degree
also with caregiver reports of social-behavioral abnormalities in
bvFTD (301). One reason for these associations and a potential
common mechanism for both, facial affect recognition and face
imitation may be that an accurate interpretation of internal
somatosensory signals (and interoceptive changes) is required
to (a) correctly decode and label a facial expression (or a body
posture) and (b) to correctly imitate it (328). The broader idea of
an “embodied cognition framework” for the perception of action
stresses that interoceptive signals (e.g., muscle tonus, perception
of spatial body postures) need to be correctly interpreted by
the brain in order to then form accurate representations via
internal motor simulations [e.g., motor imagery (329, 330)]
and subsequently to accurately perform a gesture or posture
(331–333). In other words, both accurate interoceptive signals
and internal mental simulations (in terms of an accurate
interpretation of these signals) may be a necessary and shared
prerequisite for the ability to identify and correctly label face
postures as well as to imitate them (334). Future research will
eventually shed light on the precise associations between (facial)
imitation abilities in praxis tasks, facial emotion recognition and
processing of interoceptive signals as well as their biological and
neural underpinnings in bvFTD and other neurodegenerative
syndromes that share an early atrophy of brain regions crucial
for interoceptive signal processing (e.g., semantic dementia).

CONCLUSION, CHALLENGES, AND

OUTLOOK

Despite refined clinical diagnostic criteria, the early clinical
diagnosis of bvFTD is still challenging and requires an in-
depth assessment of clinical signs, behavioral and psychological
symptoms as well as cognitive performance. Given the typically
present anognosia in patients with bvFTD, caregivers are
currently the main source of information for the evaluation of
disease-typical behavioral and psychological changes. However,
a standardized and focused neurocognitive assessment including
memory, visuospatial abilities, social cognition, and praxis is
crucial for an early differential diagnosis. Although executive
dysfunction and preserved episodic memory are required to
fulfill the “neuropsychology item” in the current criteria, we have
highlighted that a range of studies have shown ambiguous results
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with more heterogeneous and complex cognitive performance
deficits in patients with bvFTD. Neuropsychological assessments
of a range of specific functions including aspects of social and
affective cognition and praxis abilities have shown to potentially
enhance the diagnostic accuracy but are not yet represented in
the diagnostic criteria. It is however highly likely that behavioral
symptoms e.g., a lack of empathy in bvFTD is mostly a behavioral
expression of a social and affective cognitive deficit. Whether
behavioral symptoms presented in e.g., psychiatric syndromes or
in the phenocopy syndrome of bvFTD could also be captured
by specific social and affective cognitive testing remains an open
question and a challenge for the field.

In parallel of summarizing behavioral, psychological, and
cognitive symptoms of bvFTD, we also presented and critically
evaluated common methods of assessment for an early clinical
diagnosis of this disease. We came to the conclusion that
one of the major challenges of clinical neuropsychology in the
coming years will be to fill the current gap of reliable and
effective methods to assess cognitive alterations and access the
behavioral and psychological symptoms as laid out in the criteria
through performance-based testing. Neuropsychologists have
to design novel tests that better fit the clinical practice and
its requirements. Tools centered on diagnosis, evaluation, and
follow-up are critically needed to replace some paper-pencil tests
that are in use since several decades. Clinical neuropsychologists
need to foster on new theoretical advances (e.g., psychological
or neuroscientific models) and concrete (e.g., anatomical or
biological) knowledge available in order to design novel ways
of assessing cognitive functions and subsequently relate these
to the typical behavioral symptoms. The development of new
performance-based tasks is necessary to expand our evaluation
to the currently over-looked domains of cognition in clinical
routine, such as social cognition—a vast domains in itself,
as well as reward processing, interoception, decision-making,
and praxis abilities. However, in our opinion, there is also a
vivid challenge to develop new ways of clinical assessment of
the “classic,” well-known cognitive functions, such as memory,
language, visuospatial processing, or executive functions. Despite
the relevance theymight have had at a certain time, it is surprising
that tests such as theWCST (or its subsequentmodified versions),
originally published in 1948 (335) and developed to assess
abstract reasoning and set-shifting in the normal population,
are still used on a daily basis as a clinical test for prefrontal
cortex function, despite knowledge about its numerous limits and
shortcomings (336) including a lack of validity in non-western
cultures (337). Similarly, the typical assessment of “episodic”
verbal memory in clinical routine mostly relies on word-list
that patients have to remember and recall, despite the lack of
ecological value and autonoetic consciousness of this paradigm
and the known confounding factor of semantic processing in
cue-based recall tests (34). In particular, we believe that the
social dimensions of cognitive key domains such as memory need
to be taken into account in order to design more ecologically
valid tests from which conclusions relevant for both clinical
diagnosis and patients’ activities of daily living may be drawn.
In this perspective, individualized tests that use items specifically
relevant to one patient [e.g., presenting faces from colleagues or

friends to assess face familiarity (338)] are interesting, although
certainly difficult to implement in clinical routine. Digital
assessment technologies including computer-games or virtual
reality are promising for clinical neuropsychology, however
available apps frequently lack data on convergent validity with
standard paper-pencil tests and normative data crucial for the
interpretation of individual performance is rarely provided.
Nevertheless, app-based cognitive research offers promising new
opportunities by potentially increasing caregiver’s and patient’s
motivation to participate in cognitive assessments, for example
at home and thus with a maximum of comfort. Apps may
also provide enormously large data-sets from which normative
data and also very early abnormalities may be extracted using
statistical “big-data” methods [for a successful example see a
recent data analysis involving the app “Sea Hero Quest” (339)].

In the specific case of bvFTD, we believe that a major
limitation to include some already well-described novel cognitive
markers in the diagnostic criteria is the lack of availability of
many current cognitive performance tests and behavioral scales.
One of the potential reasons for this is an overall lack of
research regarding cross-validation of the existing instruments
as well as establishing adequate normative data and evidence
of psychometric quality. These approaches require a lot of time
and energy while being commonly disregarded in academia and
research, as the former often leads to replications or negative-
findings and the later will only be published in neuropsychology-
specific, often national journals. This might be especially true
for neuropsychological tools that are developed within a medical
context (such as in neurodegeneration) as the difficulty to
convince about the importance of psychometric studies and to
conduct such studies in medicine may be higher than in the
field of psychology. These shortcomings however, frequently
impede a standardized interpretation of a patient’s test result
(by means of an evaluation of its abnormality) even when
standardized performance tests or clinical scales are available
for certain symptoms of bvFTD. Particularly, official translations
into different languages are rarely provided or have usually
not been independently validated in other cultures. In the
case of diagnosing bvFTD, this is especially problematic as for
example, perceived abnormality of social behaviors is highly
culture-dependent. Such cultural variations may directly impact
performance-tests as well as, for example, in the commonly used
faux pas test: to mistake a young girl for a boy because she has
short hair or a man for a waiter because he stands near the
checkout in a restaurant may have been considered as rude and as
a social faux pas in 1999 in the context of upper-class cantabrigian
population in which the test has been originally developed, but
may be perceived as simple mistakes without any negative social
consequences for a lot of people 20 years later. Although cultural
and socio-economical variability may appear as more important
for the domain of social cognition, its influence may also be
observed in a wide range of neuropsychological measures and
“classic” cognitive domains [e.g., (340, 341)]. Finally, the vast
majority of the presented standardized performance-tests and
scales to differentiate between bvFTD and competing diagnoses
(e.g., AD, affective disorders, other neurodegenerative diseases)
have so far mainly been shown to function in usually small
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samples (with specific demographic and cultural characteristics),
highlighting the importance of collaborative research and cross-
cultural validation studies. Replications and cross-validation
studies of tests and scales in larger and more diverse samples
including extensive collection of data from healthy controls are
needed in order to extrapolate from individual test results onto
specific diagnostic decisions (e.g., Which cognitive performance
profile or which set of behaviors are both pathological/abnormal
and specific for an early diagnosis of bvFTD in a certain age-
group, for a specific level of education, and in a certain culture?).
In our view, this is currently one of the major challenges
in the field of clinical neuropsychology but also a crucial
prerequisite for the future establishment of valid and meaningful
biomarkers for FTLD. In this perspective, the Social cognition
and FTLD network (https://sites.google.com/view/soccogftld)
has been created in order to share data on healthy controls
and patients allowing large-scale clinical validity and cross-
cultural studies—so far using themini-SEA. If multiplicated, such
initiatives may bring important data on both cognitive functions
and the tests used to assess them and could later fasten the
inclusion of specific cognitive dysfunction into the diagnostic
criteria for neurodegenerative diseases.

An important future role of clinical neuropsychology
will emerge with the evaluation and comparison of
newly developed biomarkers by means of employing the
complex assessment methods for behavioral, psychological
symptoms as well as cognitive functions in patients
with suspected bvFTD and competing diagnoses. Besides
its role in cognitive rehabilitation, expertise in clinical
neuropsychology will thus continue to play an important
role in the detection and diagnosis of early bvFTD even
and particularly in the light of emerging biomarkers for
the disease.
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Background and objective: Recessive mutations in the SIL1 gene cause

Marinesco-Sjögren syndrome (MSS), a rare neuropediatric disorder. MSS-patients

typically present with congenital cataracts, intellectual disability, cerebellar ataxia and

progressive vacuolar myopathy. However, atypical clinical presentations associated with

SIL1 mutations have been described over the last years; compound heterozygosity of

SIL1 missense mutations even resulted in a phenotype not fulfilling the clinical diagnostic

criteria of MSS. Thus, a read-out system to evaluate reliably the pathogenicity of amino

acid changes in SIL1 is needed. Here, we aim to provide suitable cellular biomarkers

enabling the robust evaluation of pathogenicity of SIL1 mutations.

Methods: Five SIL1 variants including one polymorphism (p.K132Q), three known

pathogenic mutations (p.V231_I232del, p.G312R, and p.L457P) and one ambiguous

missense variant (p.R92W) were studied along with the wild-type proteins in Hek293

in vitro models by cell biological assays, immunoprecipitation, immunoblotting, and

immunofluorescence as well as electron microscopy. Moreover, the SIL1-interactomes

were interrogated by tandem-affinity-purification and subsequent mass spectrometry.

Results: Our combined studies confirmed the pathogenicity of p.V231_I232del,

p.G312R, and p.L457P by showing instability of the proteins as well as tendency

to form aggregates. This observation is in line with altered structure of the ER-Golgi

system and vacuole formation upon expression of these pathogenic SIL1-mutants

as well as the presence of oxidative or ER-stress. Reduced cellular fitness along

with abnormal mitochondrial architecture could also be observed. Notably, both

the polymorphic p.K132Q and the ambiguous p.R92W variants did not elicit

such alterations. Study of the SIL1-interactome identified POC1A as a novel

binding partner of wild-type SIL1; the interaction is disrupted upon the presence

of pathogenic mutants but not influenced by the presence of benign variants.

Disrupted SIL1-POC1A interaction is associated with centrosome disintegration.
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Conclusions: We developed a combination of cellular outcome measures to evaluate

the pathogenicity of SIL1 variants in suitable in vitro models and demonstrated that

the p. R92W missense variant is a polymorphism rather than a pathogenic mutation

leading to MSS.

Keywords: SIL1-interactome, Marinesco-Sjögren syndrome biomarkers, SIL1 missense mutation, POC1A,

FAM134B, centrosome

INTRODUCTION

Marinesco-Sjögren syndrome (MSS) was established as an entity
by the Romanian neurologist Georges Marinesco in 1931 based
on the description of four individuals from a single family
presenting with ataxia, cataracts, intellectual disability, and
myopathy. This was followed by Torsten Sjögren who further
defined the original four cases as well as 10 additional patients.
Afterwards, cerebellar atrophy was described as part of the
phenotypic spectrum (1). In 2005, two groups independently
reported recessive mutations in the SIL1 gene as the major
genetic cause for MSS (2, 3). SIL1 encodes a co-chaperone for
the major Endoplasmic Reticulum (ER)-resident chaperone BiP
and thus controls a variety of BiP-dependent functions such as
protein folding (4). Hereby, SIL1 acts as a N-linked glycoprotein
equipped with an N-terminal ER targeting sequence and a C-
terminal ER retention signal. SIL1 dimerises at the N-terminus
into a clamp-like configuration that interacts with the BiP ATPase
domain and causes substrate release of BiP via the release of
ADP (5).

The “clinical triad” of MSS is defined by presence of

bilateral cataracts, ataxia, and myopathy whereas intellectual

disability can manifest with very varying degree or can even

be absent (6). So far, a clear genotype-phenotype correlation

does not exist, and the phenotypical presentation becomes

even more complex by the description of additional features:
pectus carinatum and bilateral clinodactyly in a patient

with a homozygous large indel in the 5
′
UTR (7), Dandy-

Walker malformations in a Chinese family with a non-stop

mutation (8) and associated motor neuronopathy with a
bradykinetic movement disorder in a 5-year-old child, suggesting
an intriguing continuum between neurodevelopmental and
neurodegenerative multisystem disorders intricately linked in
the same cellular pathways (9). Moreover, the phenotypical
variation has become even more complex by the first report
of compound heterozygous SIL1 missense mutations causing
a neurological phenotype without signs of myopathy or
cataracts but including spastic paraplegia, thus not fulfilling
the clinical diagnostic criteria for MSS (10). Interestingly, the
number of detected SIL1 variants (n = 488; ExAC http://exac.
broadinstitute.org/) as of 11/2018 includes 147 missense and
7 non-sense variants with various effects on the phenotype.
Notably, these missense mutations also include the p.R92W

variant of SIL1, described as segregating with the phenotype
in a consanguineous family from Pakistan (11) but reported

in ExAC with an allele frequency of nearly 4% in south Asian

countries suggesting a polymorphic character. Given that (i)

the MSS phenotype can present with prominent additional

clinical features or characteristic features of the “clinical triad”
can be absent, (ii) missense mutations may have a detrimental
effect (10) and (iii) the detection of new SIL1 sequence
variants ever increasing in number, the need to classify the
pathogenicity is indicated. Here we introduce an in vitro system
designed to examine the consequences of SIL1 mutations at
the protein level, focussing on the stability of the variant SIL1
proteins, the morphology of cellular organelles, the build-up of
aggregated proteins, the activation of proteolysis and on the
SIL1-interactome. This procedure has allowed to differentiate
between benign and pathogenic variants (mostly due to amino
acid changes).

MATERIALS AND METHODS

Generation of SIL1-TAP and SIL1-HA

Expression Constructs
Using the SIL1-TAP expression construct (pcDNA5/FRT/TO
vector) (12) missense variants (listed below) as well as
one deletion variant of recombinant human SIL1 were
generated by site-directed mutagenesis. To this end, the
QuikChange Site-Directed Mutagenesis kit (Stratagene)
was used according to the manufacturer’s instructions.
Primer sequences are available on request. All constructs
were verified by sequencing the entire coding region of
the inserts.

The ORF of the human SIL1 cDNA was cloned in-frame
into the carboxy-terminal hemagglutinin (HA) tag containing
pRC/CMV expression vector. The same missense changes as
for the pcDNA5/FRT/TO vector systems were introduced by
site-directed mutagenesis using the QuikChange Site-Directed
Mutagenesis kit (Stratagene). Primer sequences are available on
request. All constructs were verified by sequencing the entire
coding region of the inserts.

The following SIL1 variants were selected and generated as
expression systems based on the following reasons:

p.R92W

A missense variant of ambiguous pathogenic character: reported
to cause MSS in a consanguineous Pakistani family (11) but
present in ExAC with an allele frequency of nearly 4% and
hereby also found to be homozygous in south Asian populations.
Evaluation of its pathogenicity was one aim of the present study
to address the suitability of our introduced in vitro system along
with different tests.
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p.K132Q

A missense variant of benign character (polymorphism) serving
as a control. which should give the same results as the wild-type
form of the SIL1 protein.

p.V231_I232del

A deletion variant with well-known pathogenicity based on
stability of the protein as described previously by immunoblot
and proteomics-based studies of MSS-patient-derived
immortalized lymphoblastoid cells (6, 13).

p.G312R

A missense variant of well-known pathogenicity based on
stability of the protein as described previously by immunoblot-
and proteomics-based studies of MSS-patient derived
immortalized lymphoblastoid cells (6, 13).

p.L457P

A missense variant with well-known pathogenicity in vitro
tested in COS7 cells and associated with clinical presentation of
MSS (14).

Cell Culture and Treatments:
Using the six pcDNA/FRT/TO-based expression constructs
for SIL1-TAP (wild-type and five variants), stable inducible
Hek293-TRex cell lines were generated as described previously
(12). Cells were cultured in Dulbecco’s Modified Eagle’s
medium (DMEM; Sigma-D5546) supplemented with 10 fetal
calf serum (FCS; Sigma- F2442). Transient transfection of
pRC/CMV-based constructs for SIL1-HA wildtype and variants
was performed utilizing Lipofectamine 2000 (Thermo Fisher
Scientific) according to the manufacturer’s instructions.

Immunoprecipitation of the SIL1 Variants:
As SIL1 can act as a dimer (5), the ability to form protein
dimers was addressed for the five protein variants of SIL1.
Dimerization of the wildtype-protein was examined as a positive
control to demonstrate functionality of the assay. The generated
stable inducible Hek293-TRex cell lines (grown on 10 cm dishes)
were additionally transfected with pRC/CMV-based constructs
for SIL1-HA wildtype and variants and were collected 8 h post-
transfection. Afterwards, cells were lysed in 500 µl of a buffer
containing 1mM EDTA (Sigma-Aldrich), 10% (v/v) glycerol
(Roth), 20mm HEPES (pH 7.5; Sigma-Aldrich), 150mM NaCl
(Sigma-Aldrich) and 0.8% (v/v) NP-40 (Roth) as well as 1 ×

Complete Protease Inhibitor Cocktail (Roche) for 1 h on ice.
Next, centrifugation (1.500 rpm) of the lysates was performed at
4◦C for 10min to separate the protein extracts from cell debris.
Protein concentrations were determined using the Pierce BCA
protein assay kit (Thermo Fisher) according to manufacturer’s
instructions. Immunoprecipitation of the different HA-tagged
forms of the SIL1 proteins via the TAP-tagged forms was
carried out as described previously (12) using 100 µg of total
protein extract.

For each experiment, cells overexpressing the solely the C-
terminal TAP-Tag were included to exclude unspecific binding

of the HA-Tagged versions of the SIL1 protein to the TAP-
tag. All co-immunoprecipitation experiments were carried out
three times.

Tandem-Affinity Purification of

SIL1-Interactome and LC-MS/MS-Based

Identification of Binding Partners
Interaction screening [tandem-affinity-purification (15) and
subsequent mass spectrometry] of SIL1 wildtype protein as
well as the five variant forms was carried out as described
previously (6, 12) For each experiment, three independent
biological replicates were analyzed.

Investigation of Cellular Fitness
Cellular fitness of Hek293-TRex cell lines overexpressing the
wildtype SIL1 protein as well as of cells overexpressing the five
variants was addressed by utilizing the WST-1 assay (Roche),
according to the manufacturer’s instructions. Cells treated with
H2O2 were included as a positive control of decreased cellular
fitness to demonstrate functionality of the assay. Moreover, cells
overexpressing the TAP-Tag only were included to demonstrate
that the presence/expression of the TAP-tag has no effect on
cellular fitness. The relative absorption in cells overexpressing the
SIL1 wildtype protein was considered as 100% of cellular fitness.

Native-PAGE, SDS-PAGE and

Western Blotting:
Native-PAGE was carried out as described in a protocol available
online (http://www.assay-protocol.com/molecular-biology/
electrophoresis/native-page) and the immunoblot studies were
performed as described previously (16). The following antibodies
were used:

Immunofluorescence:
Distribution of SIL1 wildtype protein as well as of the five
different variants was addressed in the stable inducible Hek293-
TRex cell lines: the respective cell lines (2 × 105 cells) were
plated onto 24-well plates on coverslips 12 h prior to induction
of expression with doxycycline as described before (12).
Beforehand, coverslips were coated with poly-L-lysine (Sigma-
Aldrich) for 1 h at room and afterwards washed twice with
ultra-pure water. Cells were fixed with 4% paraformaldehyde in
PBS pH 7.4 for 20min at room temperature. Afterwards, cells
were washed 3 times with ice-cold PBS. For permeabilization,
coverslips were incubated for 10min in PBS containing 0.25%
Triton X-100 (Roth). In the following step, cells were washed
in PBS 3 times for 5min. For blocking and immunostaining,
coverslips were incubated in 1% BSA (in PBS+ 0.1% Tween
20) for 45min and afterwards exposed to the anti-TAP antibody
(Sigma-Aldrich) 1:100 diluted in 1% BSA in PBST in a humidified
chamber overnight at 4◦C. Afterwards, coverslips were washed
3 times in PBS (5min each washing step) and then incubated
with the secondary antibody (goat anti-rabbit Alexa Fluor R©

568, Abcam) diluted 1:5,000 in 1% BSA-PBS for 1 h at room
temperature in the dark. Next, three washing steps times in PBS
(5min each washing step) were carried out. Finally, cells were
mounted with a drop of mounting medium (Thermo Fisher)
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and coverslips were sealed with nail polish to prevent drying and
movement under microscope. For analysis of immunoreactivity,
the Axiovert 200M microscope from Zeiss (240525) was used.
For each SIL1 variant as well as for the wildtype proteins 50
different cells were analyzed with more than 70% of cells giving
similar results, respectively.

For co-localization studies of SIL1, Hek293 cells were
permeabilized by incubation with 200 µL PBS buffer containing
0.1% Triton X-100 for 10min and subsequently washed
with PBS buffer. For blocking cells were incubated with
200 µL of PBS containing 0.1% TWEEN20 and 1% BSA
for 30min. Afterwards, cells were covered with 200 µL of
blocking solution containing the respective combinations of
both primary antibodies [α-CASQ1 (Sigma: C0618-200UL), α-
FAM134B (Genetex: GTX46621), α-POC1A (Thermo Fisher
Scientific: PA5-49028), α-SIL1 (Abcam: ab5639) dilution 1:300
each], incubated for 90min and then washed with PBS.
Secondary antibodies were diluted in 1% BSA (dilution 1:500 for
Alexa488 probe, 1:300 for Alexa555 probe). Cells were covered
with 200 µl of this antibody-solutions and incubated for 1 h in
the dark. Next, antibody solution was removed, and samples were
washed with BSA before the coverslips were directly mounted
with fluorescent mounting medium (“Prolong Gold antifade
reagent with DAPI” Invitrogen) and allowed to dry overnight
(at 6◦C). Fluorescence measurements were carried out with a
modified Leica TCS SP8 CARS laser scanning Microscope using
either a 20x objective (HC PL APO CS2 20x/0.75 DRY) or
a 63x objective (HC PL APO CS2 63x/1.20 WATER). Images
were acquired with a resolution of 2048 × 2048 pixel with a
step size of 286 nm for 20x magnification and of 91 nm for
63x magnification. Fluorescence measurements on each position
were performed sequentially using laser excitation at 488 nm
and detection at 500–540 nm with a hybrid detector (LeicaHyD),
excitation at 561 nm and detection at 566–620 nm with a HyD
and excitation at 405 nm with detection at 425–500 nm using a
PMT. All data processing was carried out using Matlab R2015a.
Due to variations in fluorescence intensity between the samples
as well as between the different dyes data were preprocessed for
better comparability. To reduce background, noise data points
having < 2% of intensity were set to this lower threshold value.
To account for cosmic spikes, the upper threshold was set so
that a maximum of 0.1% of all data points above background
showed fluorescence intensity above this limit. Intensities above
the upper threshold were set to this value. Images were then
rescaled to full range (8bit). For calculation of co-localization
values in each channel, all data points exceeding an intensity
value of 20% were determined. Data points that are above this
value in both channels were considered to be co-localizing.
The ratio of co-localization is calculated from the number of
co-localizing points divided.

Electron Microscopy
Preparation of Hek293-TRex cell lines and subsequent
transmission electron microscopic studies were carried out
as described previously (12, 16). For each SIL1 variant as well as
for the wildtype protein, at least 50 cells were analyzed showing
similar (patho)morphology of subcellular organelles/structures.

RESULTS

Literature and in silico-Based Evaluation of

the Pathogenicity of Selected SIL1-Variants
We chose one known polymorphism (p.K132Q), three
notoriously pathogenic mutations (p.V231_I232del, p.G312R,
and p.L457P) and p.R92W, a variant that was previously
described as a pathogenic missense mutation (11). Notably, the
two missense variants pR92W and p.K132Q are present in the
control population with minor allele frequencies (MAF) of 0.5
and 0.7%, respectively, and in 29 and 72 healthy individuals
in homozygous state. On the other hand, p.G312R is absent
from a control population of >125,000 individuals (ExaC,
http://exac.broadinstitute.org) and p.L457P is found in one
allele count (MAF: 0.0004%) (http://gnomad.broadinstitute.
org). The sites of the different variants/ mutations are depicted
in Figure 1A. By affecting α-helix A8 of the SIL1-protein, the
p.V231_I232del mutation directly impacts on the physiological
SIL1-BiP interaction lobe IIb of the BiP-ATPase domain (major
interaction site). Although the polymorphic variant p.K132Q
and the reported pathogenic missense mutant p.G312R are
also localized within the SIL1-BiP-binding domain, they do not
directly affect α-helices mediating the physical interaction with
BiP. The ambiguous missense variant, p.R92W, localizes within
the N-terminal domain of the 461 amino acid SIL1 protein
and p.L457P, another known pathogenic missense mutant of
SIL1 affects one amino acid localized before the known ER-
retention motif KDEL/KELR (17) (Figure 1A). Interestingly, in
silico testing of pathogenicity with different platforms revealed
controversial results including a probably damaging effect for
all amino acid substitutions addressed in this study (Figure 1B).
This result is in contrast with the observed allele frequencies
in the control population and by the same token emphasizes
the need to define biomarkers that can be used to evaluate
the pathogenicity of SIL1 mutations—in particular of amino
acid substitutions.

Molecular Characteristics of Selected

SIL1-Variants in a Non-reducing PAGE
First, molecular characteristics of the selected SIL1-variants were
addressed in a non-reducing PAGE (and concomitant blotting to
a PVDF-membrane) utilizing whole protein extracts. Detection
of the different variant forms of the recombinant SIL1-protein
utilizing an anti-SIL1 antibody (see Table 1) revealed no major
differences in the detected molecular weight of wildtype SIL1-
TAP in comparison to the ambiguous p.R92W and the benign
p.K132Q variants of SIL1. In contrast, no band was detectable for
p.V231_I232del-mutant SIL1 (16 h of induced overexpression)
suggesting instability of the aberrant protein, a finding which is
in line with our previous studies on patient derived cells (6, 12).
However, absence of this mutant form of the protein might
also arise from a changed antigenicity of this variant product.
Immunoblots of the two well-known pathogenic mutant forms,
p.G312R and p.L457P, did not only show protein bands of the
predicted size of the recombinant fusion-protein (SIL1-TAP) but
also additional bands corresponding to a highermolecular weight
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FIGURE 1 | Overview of investigated amino acid changes of SIL1. (A) Localization of SIL1 amino acid changes in the entire SIL1 protein. Schematic figure is modified

from Yan et al. (5). (B) Table summarizing the SIL1 variants by providing information regarding the corresponding nucleotide change/ deletion in different exons within

the SIL1 gene as well as origin of the respective MSS-patient and results of in silico-based testing of pathogenicity by “CADD score” and “ClinVar” as well as by

“SIFT“, “PluPhen2“, “MutationTaster“ and “FATHMM” (summarized as in silico prediction). D, damagingl; P, pathogenic; B, benign; T, tolerated.

which appear to be more pronounced for p.G312R (Figure 2A).
The experiment was performed 6 times with similar results.

Influence of Amino Acid

Substitutions/Deletions

on SIL1-SIL1-Interactions:
Given that SIL1 can act as a dimer (6), we addressed the
effect of the various amino acid changes and of the deletion of
two amino acids (p.V231_I232del) on the formation of SIL1-
protein homomers by immunoprecipitation and subsequent
immunoblot analyses. As a proof-of-principle, the well-known
homomerization of SIL1 wild-type proteins was confirmed
(Figure 2B). Both, the ambiguous p.R92W and the benign
p.K132Q variants showed a homomerization similar to the
one observed for the wild-type SIL1-TAP-SIL1-HA complex
(Figures 2C,D). Analyses of the well-known pathogenic
p.V231_I232del mutation revealed no interaction of the
resulting degradation products in terms of the formation of
toxic (proteolytic) protein complexes (Figure 2E). Study of the
two-known pathogenic SIL1-proteins, p.G312R and p.L457P,
showed that they can form homomeric complexes along with
their degradation products (Figures 2F,G). Immunoblot-based
analyses of whole protein extracts/ straight lysates confirmed
the expression of the respective recombinant SIL1-variants
tagged with HA or TAP in each of the respective experiments.
All immunoprecipitation and immunoblot experiments were
performed three times with similar results.

Influence of Amino Acid Substitutions/

Deletions on the Fitness of the in vitro

Models
Mitochondrial vulnerability has been repeatedly reported in
MSS and woozy mouse tissues (13, 18–20), and in in vitro
models of the disease (13, 16). As mitochondrial function is
essential for cellular fitness, we examined metabolic activity
of our in vitro models by focussing on processes related to
mitochondrial activity as well as on mitochondrial morphology.
The WST-1 assay (Roche) was used; in this assay the stable
tetrazolium salt, WST-1, is cleaved to a soluble formazan. This
conversion depends on the cellular availability of succinate-
tetrazolium reductase system that belongs to the respiratory
chain of the mitochondria (only active in metabolically intact
cells). Thus, the amount of formazan dye formed directly
correlates to the number of metabolically intact cells in the
culture. Metabolic activity in WT-SIL1 cells was defined as
100% of cellular fitness. The WST-1 assay revealed no reduction
in metabolic activity upon overexpression of the ambiguous
p.R92W or of the benign p.K231Q variant of SIL1 (Figure 3A).
Overexpression of the p.V231_I232del mutant form of the SIL1-
protein (which displayed instability in our previous experiment,
see above) resulted in a minor but significant decrease of the
fitness (Figure 3A). In contrast, overexpression of the known
pathogenic mutants p.G312R and p.L457P led to a 15–20%
reduction in cellular viability compared to cells overexpressing
the WT-SIL1 (or solely the TAP-Tag) suggesting an effect of
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TABLE 1 | All immunoblot studies were carried out at least three times.

Antibody Company Dilution

α-Beclin Novus Biologicals: NB110-87318 1:1000

α-CBP Thermo Fisher Scientific: PA1-847 1:1000

α-CHOP Novus Biologicals: NB600-1335SS 1:500

α-DJ-1 Santa Cruz: sc-55572 1:750

α-DNAJB6 Genetex: GTX33160 1:500

α-ERj3 Novus Biologicals: NBP1-68477 1:500

α-FAM134B Genetex: GTX46621 1:500

α-GAPDH Genetex: GTX627408 1:1000

α-GRP94 Genetex: GTX103203 1:1000

α-GRP170 Genetex: GTX102255 1:1000

α-HA Sigma Aldrich: H3663-100UL 1:500

α-IRE1 Genetex: GTX130387 1:500

α-pEif2α (Ser52) Thermo Fisher Scientific: 44-728G 1:1000

α-PERK Abcam: ab65142 1:500

α-POC1A Thermo Fisher Scientific: PA5-49028 1:500

α-SIL1 Abcam: ab5639 1:100

α-SOD1 Genetex: GTX100554 1:1000

α-VCP Genetex: GTX101089 1:1000

List of antibodies used in the study.

their pathogenicity on cellular metabolism (Figure 3A). H2O2-
treated Hek293 cells were included as a positive control for
perturbed mitochondrial function based on massive oxidative
stress burden (Figure 3A). The assay was carried out 4 times
with similar results. Given thatmitochondrial vulnerabilitymight
be connected to oxidative stress, a well-known epiphenomenon
of ER-stress, levels of DJ1 and SOD1 (two proteins known
to be modulated by oxidative stress burden) were studied by
immunoblotting. Hek293 cells overexpressing the pathogenic
missense variants of SIL1, p.G312R, and p.L457P, showed
an increase in DJ1 (lower band), with a more pronounced
effect in cells overexpressing p.G312R mutant SIL1. Cells
overexpressing p.G312R mutant SIL1 showed a considerable
increase in SOD1 protein, whereas there was no difference
between the cells overexpressing the wildtype protein and those
overexpressing the pathogenic p.L457P variant (Figure 3B).
However, the increase of SOD1 in Hek293 cells overexpressing
p.V231_I232del mutant form was comparable to the SOD1
increase in cells overexpressing the benign p.K132Q variant
(Figure 3B. Notably, a parallel “trend” of abundances of DJ1
and SOD1 expression changes modulated by SIL1 variants can
be observed. Prompted by the results of the WST-1 assay
and by the immunoblot studies, mitochondrial-morphology
was examined by electron microscopy. EM revealed normal
ultrastructure of Hek293 cells overexpressing wild-type SIL1 as
well as p.R92W- and p.K132Q variant forms of the SIL1 protein
(Figure 3C). In contrast, Hek293 cells overexpressing the known
pathogenic SIL1-missense mutations, p.G312R and p.L457P,
presented with perturbed mitochondrial architecture including
break-down of cristae and accumulation of electron-dense
membranous material in the mitochondrial matrix most likely
indicative of incipient mitophagy/ mitoptosis (21) (Figure 3C).

Overexpression of the pathogenic but instable p.V231_I232del
mutant form did not result in such a profound mitochondrial
pathology. This might actually be due to the higher stability of the
pathogenic missense mutant forms of SIL1 resulting in persistent
mitochondrial stress. Pathomorphological mitochondria could
be detected in 41 of 50 cells (82%) expressing the p.L457P and in
38 of 50 cells (76%) expressing the p.G312Rmutant formwhereas
in cells expressing wildtype SIL1 or the variants p.R92W and
p.K132Q, pathomorphological mitochondria were found in 10%,
18% and 14%, respectively (50 cells were analyzed for each in vitro
model). Only 12% of Hek293 cells overexpressing the pathogenic
but instable p.V231_I232del mutant displayed morphological
aberrant mitochondria.

Pattern of Cellular SIL1

Staining—Polymorphic vs. Pathogenic

Forms of the Protein:
Immunofluorescence studies of our Hek293 in vitro models
overexpressing the different forms of the SIL1 protein in an
inducible fashion were performed to address the question if
the pattern of SIL1-TAP-immunoreactivity allows to differentiate
between polymorphic variants and pathogenic mutations.
Indeed, cells overexpressing WT-SIL1 in comparison to those
overexpressing the two known pathogenic missense forms
(p.G312R and p.L457P) showed significant differences regarding
the pattern of immunoreactivity. WT-SIL1 was distributed
in a reticular network in accordance with a regular ER-
localization, whereas p.G312R- and p.L457Pmutant SIL1 showed
an altered non-reticular immunoreactivity pattern (Figure 4A).
In contrast, p.V231_I232del mutant SIL1 (after 6 h of induced
overexpression) showed a reticular distribution comparable to
WT-SIL1 and the polymorphic p.K132Q form but with some
focal accumulations (Figure 4A). Notably, immunoreactivity
of p.R92W variant SIL1 does not show the same subcellular
distribution as the p.G312R and p.L457P mutants and rather
presents as a reticular network as observed for WT-SIL1 and
p.K132Q but with some minor focal accumulations.

Influence of Amino Acid

Substitutions/Deletions on ER-Morphology

and Function in our in vitro Models
To follow up on the immunofluorescence studies described
above, EM was performed. ER in Hek293 cells overexpressing
WT-, p.R92W and p.K132Q versions of SIL1 showed a
regular tubular structure. In cells overexpressing p.G312R
and p.L457P mutant SIL1, the ER showed focal widening,
occasionally associated with accumulation of electron dense
material most likely corresponding to protein aggregates within
the widened ER (black arrows in Figure 4B). In addition, cells
overexpressing these two known-pathogenic mutants exhibited
autophagic vacuoles that were often filled with membranous
and granular osmophilic material (Figure 4B). Deposits of
osmophilic material (mostly localized to autophagic vacuoles)
were also detected in Hek293 cells with short-term (6 h)
overexpression of p.V231_I232del mutant SIL1 (Figure 4B).
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FIGURE 2 | Impact of amino acid substitutions and deletions on the molecular characteristics of SIL1. (A) Native-PAGE of SIL1 variants reveals absence of

p.V231_I232del mutant SIL1 (16 h of induced overexpression) but no differences in the migration pattern of the different missense variants of SIL1. The two known

pathogenic variants p.G312R- and p.L457P present additional bands of a higher molecular weight. (B–G) Immunoprecipitation and subsequent immunoblot analysis

toward the study of SIL1-homomerization confirmed the known SIL1-SIL1 interaction of the wildtype form of the protein (B) and showed no effect of the p.R92W- or

p.K132Q-amino acid substitutions on this interaction (C,D). Study of p.V231_I232del mutant SIL1 (6 h of induced overexpression) did not show a physical interaction

of the degradation products of this known pathogenic and instable form of SIL1 (E). Analysis of the two known missense mutants p.G312R- and p.L457P revealed in

both cases a homomerization of the full-length mutant proteins but also an interaction of the mutant full-length protein with the respective degradation products (F,G).
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FIGURE 3 | Study of fitness of Hek293 cells overexpressing SIL1 or its variant forms in the context of mitochondrial vulnerability. (A) ELISA-based WST-1 assay

showed a statistically significant reduction in the fitness of cells overexpressing the known pathogenic variants p.V231_I232del (6 h of induced overexpression),

p.G312R and p.L457P, respectively. In accordance with the instability of p.V231_I232del mutant SIL1, the fitness is more reduced in Hek293 cells overexpressing

p.G312R and p.L457P mutant forms of SIL1. Hek293 cells treated with H2O2 were included as positive control showing the functionality of the assay. (B)

Immunoblot-based studies of DJ1 (lower band) and SOD1 as two representative marker proteins for oxidative stress (related to mitochondria) showed a considerable

increase of DJ1 in cells overexpressing p.G312R or p.L457P mutant SIL1. Surprisingly, SOD1 was only markedly increased in cells overexpressing p.G312R mutant

SIL1, but not in cells overexpressing p.L457P mutant SIL1. GAPDH was used to demonstrate equal protein loading. (C) EM revealed normal mitochondrial

architecture in Hek293 cells overexpressing WT-SIL1, p.R92W and p.K132Q variant SIL1 as well as p.V231_I232del mutant SIL1 but disintegration of cristae and

presence of membranous electron-dense material within the mitochondrial matrix (black arrows) in cells overexpressing the two known pathogenic missense variants

p.G312R and p.L457P. **Statistically very significant; ***Statistically extremely significant.

Prompted by our ultra-structural findings, we next
investigated the presence of ER-stress upon overexpression
of wildtype SIL1 as well as the 5 different variants at the
molecular level by immunoblotting by focussing on the
abundances of 10 proteins modulating the unfolded protein
response (UPR) and the ER-associated degradation pathway
(ERAD). In accordance with our previous published data
(12), overexpression of wildtype SIL1 results in the increased
expression of these factors compared to cells overexpressing
solely the TAP-Tag (Figure 4C). This in turn also explains
the altered expression of these factors in Hek293 cells with
long-term overexpression of the instable p.V231_I232del mutant

form. However, overexpression of neither the polymorphic
p.K132Q nor of the ambiguous p.R92W variant led to a
sustained increase of the UPR-/ ERAD-related proteins
compared to cells overexpressing the wildtype form of SIL1
(Figure 4C). Overexpression of p.G312R resulted in an
increased expression of GRP170 and Beclin-1 as well as forced
phosphorylation of eIF2α compared to cells overexpressing
the TAP-tag only, the wildtype variant of SIL1 or the
p.R29W and p.K132Q variants, respectively (Figure 4C).
The overexpression of p.L457P mutant SIL1 even resulted in
elevated abundance of all investigated UPR-/ ERAD-proteins
except HSP40/ ERj3 (Figure 4C).
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FIGURE 4 | Study of cellular SIL1 immunoreactivity and presence of ER-stress in Hek293 cells overexpressing SIL1 or its variant forms. (A)

Immunofluorescence-based investigation of the SIL1-immunoreactivity pattern in Hek293 cell revealed a reticular distribution for WT-SIL1, p.R92W and p.K132Q

variant forms of SIL1 but a non-reticular rather “clumpy” immunoreactivity for p.G312R and p.L457P mutant forms of SIL1. For p.V231_I232del mutant SIL1, a

reticular distribution with focal accumulations was observed. (B) EM revealed widened and proliferated ER in cells overexpressing the mutant forms p.G312R and

p.L457P, but not in cells overexpressing WT-SIL1, p.R92W, p.K132Q, and p.V231_I232del (6 h of induced overexpression) forms of the proteins. In addition,

accumulation of electron dense material could occasionally be seen in cells overexpressing p.G312R and p.L457P muatnt SIL1 (black arrows). Along this line,

(Continued)
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FIGURE 4 | overexpression of these two known missense mutants of SIL1 resulted in the build-up of electron dense material (most likely corresponding to

aggregated protein) in the cytoplasm as well as in (autophagic) vacuoles. The white arrow highlights an abnormal centrosome in a Hek293 cell overexpressing

p.G312R mutant SIL1. (C) Immunoblot-based studies aimed to investigate the presence of ER-Stress by focussing on marker proteins for activation of the unfolded

protein response (GRP170, IRE1, PERK, GRP94, ERj3 & pEif2α), the ER-associated degradation pathway (VCP, DNAJB6) and proteolysis (Beclin). Results revealed a

considerable presence of ER-stress in Hek293 cells overexpressing p.L457P mutant SIL1 than in cells overexpressing p.G312R mutant SIL1 where solely pEif2α and

Beclin are increased compared to cells overexpressing WT-SIL1. p.R92W, p.K132Q variant SIL1, and p.V231_I232del mutant SIL1 (6 h of induced overexpression) do

not show remarkable changes in abundances of the stress markers compared to cells overexpressing WT-SIL1. GAPDH was investigated to demonstrate equal

protein loading. The differences in expression of these markers between C-TAP and WT-SIL1 overexpressing Hek293 cells have been described previously (12).

Influence of Amino Acid

Substitutions/Deletions on

SIL1-Protein-Binding and Subsequent

Morphological Effects in our in

vitro Models
To define another read-out measure enabling the robust
evaluation of the pathogenicity of amino acid changes and
deletions in SIL1, tandem-affinity-purification followed by mass
spectrometric analysis of the different TAP-tagged variants of the
SIL1 protein was performed. Overexpression of p.V231_I232del
mutant SIL1 was induced by doxycycline treatment for 6 h
to study binding partners prior degradation of this instable
pathogenic SIL1 protein. Results of this screening approach
are presented in Figure 5A and show that all variants of the
SIL1-protein bind to BiP, Mortalin and the small subunit of
Calpain-1. Moreover, our protein-interaction studies revealed a
precipitation of ERj3 along with the two pathogenic mutants
of SIL1, p.G312R, and p.L457P, but not with the two variants
p.R92W and p.K132Q or the wildtype form of SIL1. Remarkably,
our unbiased studies focusing on interaction of different forms
of SIL1 to other proteins revealed that the wildtype protein
as well as the p.R92W and p.K132Q variants are precipitating
with POC1A whereas immunoprecipitation of p.G312R and
p.L457Pmutant SIL1 along with their interactors and subsequent
mass spectrometry studies did not result in the identification
of POC1A as a binding partner. Given that mutations in
POC1A are causative for SOFT (short stature, onychodysplasia,
facial dysmorphism, and hypotrichosis) syndrome (22) and
short stature is also a clinical finding in MSS patients, a
regulatory effect of abundances of the SIL1-wildtype protein
on level of POC1A was confirmed by immunoblot studies.
Our findings highlight an effect of cellular SIL1 level on
POC1A protein abundance (Figure 5B, left). POC1A encodes
for a protein linking centrosomes to Golgi assembly and
function, and recessive mutations affecting this gene result in
perturbed Golgi structures and cytosolic vesicle accumulations,
in addition to abnormal multipolar spindles in vitro (22, 23).
This known POC1A function along the mentioned pathological
findings resulting from mutations in the corresponding gene
prompted us to also study the level of FAM134B, a newly
identified cis-Golgi protein with a pivotal role in neuronal
function and survival (24) in relation to the expression of
SIL1 wildtype protein as well as the morphology of Golgi
and centrosomes. Indeed, immunoblot studies of FAM134B
showed a beneficial effect of SIL1 expression on the abundance
of this Golgi-protein (Figure 5B, left). Results of expression

studies in Hek293 cells expressing different mutant forms of
the protein show a clear influence of the pathogenicity of SIL1-
mutations on the abundance of the FAM134B and POC1A
proteins (Figure 5B, right).

Prompted by our SIL1-protein interaction findings suggestive

for a localization of SIL1 also to the Golgi-apparatus, further
immunofluorescence studies have been performed and revealed
an expected co-localization of SIL1 with calsequestrin (CASQ1;
a known ER-marker protein) and additionally co-localizations
with golgin-97 (a known marker protein of the Golgi apparatus)
as well as with FAM134B and POC1A. Quantification of these co-
localizations revealed that the excessive proportion of the SIL1
protein localizes to the ER but almost equal co-localization with
golgin-97, FAM134B and POC1A indicates a minor localization
of SIL1 also within the Golgi apparatus (Figure 5C).

Results of further ultra-morphological studies focussing on

the integrity of Golgi and centrosomes revealed proliferated

and dispersed Golgi cisternae in Hek293 cells overexpressing
p.G312R or p.L457P but not in cells overexpressing the
wildtype form of the protein (Figure 5D). Whereas, neither the
polymorphic p.K132Q nor the ambiguous p.R92W variant of
SIL1 presented with changes in Golgi architecture compared
to cells overexpressing WT-SIL1 (data not shown), Hek293
cells with short-term overexpression of p.V231_I232del showed
only a very mild widening of Golgi cisternae (Figure 5D).
Interestingly, altered Golgi structures could frequently be
detected adjacent to abnormal centrosomes as exemplified for
p.V231_I232del and p.G312R in Figure 5D (black arrows). Along
this line, overexpression of the pathogenic forms of the SIL1
protein in Hek293 cells repeatedly resulted in disintegration
of centrosome architecture including centriole-multiplications
and -proliferations as well as mis-localization of centrioles to
lysosomes and vacuoles (Figure 5E).

DISCUSSION

On a general note, the need of suitable in vitro systems allowing a
reliable testing of ambiguous gene mutations potentially affecting
stability and localization of the corresponding protein is crucial
in the cases that patient-derived tissue is not available to
perform verification studies. Here, using MSS as a paradigmatic
rare neurogenetic disease, we demonstrate that Hek293 cells
overexpressing different mutant forms of the SIL1 protein are
suitable to evaluate the pathogenicity of SIL1 mutations such as
missense variants and in-frame-amino acid deletions. MSS has
been selected for our studies as:
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FIGURE 5 | Study of SIL1-interactome and impact of interaction on subcellular morphologies. (A) Table presenting SIL1-protein interactions identified by

tandem-affinity-purification and subsequent mass spectrometry in an unbiased fashion: whereas WT-SIL1 and its (polymorphic and pathogenic) variants interact with

BiP, Mortalin and the small subunit of Calpain-1, solely WT-SIL1, p.R92W and p.K132Q variant forms of SIL1 precipitated POC1A. In contrast, solely p.G312R and

p.L457P mutant SIL1 precipitated ERj3, a known BiP-binding protein controlled by ER-stress. the detection of SIL1—as shown in the table presented—refers to the

identification/ detection of tryptic peptides unique for the SIL1 protein in the mass spectrometric analysis. The peptides identified for the respective SIL1-variant arise

from the overexpression of same ones and show the reliability of the combined IP-LC-MS/MS data. (B) Immunoblot-based study of FAM134B and POC1A revealed

increased expression of both proteins upon elevation of the cellular SIL1 level. Coomassie-staining was carried out to demonstrate equal protein loading (left panel).

Results of expression studies in Hek293 cells expressing different mutant forms of the protein show a clear influence of the pathogenicity of SIL1-mutations on the

abundance of the FAM134B and POC1A proteins (right panel). (C) Results of our co-immunofluorescence studies focussing on SIL1 localizations revealed

co-localizations of SIL1 with CASQ1 (calsequestrin), golgin-97, FAM134B, and POC1A. Representative overviews of cells are shown for each respective

co-localization study which have also been used for the quantifications of co-localizations (right diagram). (D) EM of Golgi morphology revealed a regular architecture

in Hek293 cells overexpressing WT-SIL1, but proliferated and dispersed Golgi with widened terminal cisternae (white arrows) and vesicle accumulations in cells

overexpressing p.G312R or p.L457P mutant SIL1. In cells overexpressing p.V231_I232del mutant SIL1, solely a mild pathology of the Golgi apparatus (widened

cisternae indicated by white arrows) could be observed. (E) EM of centrosome morphology revealed a regular architecture in Hek293 cells overexpressing WT-SIL1,

but proliferated, multiplicated and dispersed centrosomes in cells overexpressing the pathogenic missense mutant pG312R or p.L457P (black arrows). Remarkably, in

cells overexpressing these two known pathogenic forms of SIL1, a mis-localization of abnormal centrosomes to lysosomes (black arrows in pictures 2 and 4) or to

vacuoles (black arrow in the inset of picture for as well as in picture 5) was observed.

• The phenotype can present with prominent additional clinical
features or characteristic features of the “clinical triad” can be
absent thus complicating the evaluation of detected variants in
terms of phenotype-causative mutations

• Missense mutations may have a detrimental effect on the
clinical presentation (10)

• Detection of new SIL1 sequence variants is ever
increasing in number thus indicating the need to classify
their pathogenicity.

Indeed, the combination of different biochemical,
morphological and functional studies utilizing Hek293 cells
overexpressing different variants of SIL1 of known and
ambiguous pathogenicity allowed to introduce a system enabling
the in vitro-based evaluation of SIL1 variants leading to amino
acid substitutions or deletions: results of our SIL1-protein studies
in a non-reducing PAGE suggest that although the pathogenic
variants do not cause essential changes in the behavior of the
main SIL1 band, bands of higher molecular weight occur which
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most likely correspond to aberrant SIL1 protein complexes.
The absence of these bands under reducing conditions (data
not shown) indicates that these aberrant complexes are soluble.
Hence, the presence of additional (higher molecular weight)
SIL1 bands in a non-reducing PAGE might serve as a read-out
measure to evaluate the pathogenicity of amino acid substitutions
in SIL1. The absence of these bands in immunoblots of WT-SIL1,
p.K132Q and p.R92W variants of SIL1 suggest that p.R92W is a
benign variant rather than a pathogenic mutation.

In addition, studies focussing on the influence of amino acid
substitutions/ deletions on SIL1-SIL1-interactions provided a
new outcomemeasure toward the evaluation of the pathogenicity
of SIL1 variants: given that degradation products of the
p.V231_I232del, the p.G312R and the p.L457P mutant forms
of SIL1 can be identified utilizing the straight protein lysates
of the SIL1-SIL1 interaction experiment and anti-HA/TAP
antibodies (detecting the respective Tags at the C-terminus of
the recombinant proteins) a N-terminal initiated degradation
of these mutant forms of the protein is suggested. The
presence of degradation products for p.G312R and p.L457P
mutant SIL1 (Figures 2F,G) in combination with the detected
higher molecular weight bands for these forms as presented
in Figure 2A suggests formation of protein aggregates and
breakdown. A comparison of the degradation of the variant
forms of SIL1 with known pathogenic character suggests a
much higher instability of SIL1 exhibiting deletion of two amino
acids compared to the two forms with C-terminal substitutions.
Taken together, this assay shows that precipitation of degradation
products might be indicative for a pathogenic character of amino
acid changes in SIL1.

Given that mitochondria display a considerable vulnerability
in the etiology of MSS (13, 18–20), WST-1 assay has been
performed to investigate mitochondrial activity in our MSS in
vitromodels and results suggest a benign character of the p.R92W
and p.K132Q amino acid changes in SIL1 whereas the pathogenic
character of the p.G312R and p.L457P missense mutants could
be confirmed. The mild reduction of the cellular fitness in
cells overexpressing the instable p.V231_I232del mutant form
of SIL1 (while cells still also express the endogenous SIL1
protein) might arise from impairment of cellular processes until
degradation of the mutant recombinant protein is fully achieved.
Findings of this assay suggest a reduced metabolic activity as a
cellular biomarker or read-out measure of pathogenicity of SIL1
mutations. As the expression of pathogenic SIL1 variants also
impacts on morphological integrity of mitochondria, presence
of oxidative stress and perturbed mitochondrial architecture
might represent further useful read-out measures for the in vitro
evaluation of pathogenicity of overexpressed SIL1 mutations
that are associated with a loss of function rather than a loss of
protein. However, the less pronounced oxidative stress burden in
the case of overexpression of p.L457P mutant SIL1 (Figure 3B)
suggests that analysis of oxidative stress should not serve as
a mere measure to evaluate the pathogenic character of SIL1
missense variants.

To address cellular SIL1 immunoreactivity and distribution as
a further measure to evaluate pathogenicity of SIL1 amino acid
substitutions and deletions immunofluorescence studies have

been carried out and -in comparison to the Hek293 cells over
expressing the SIL1 wildtype protein—altered immunoreactivity
could be observed for p.G312R and p.L457P and to a minor
degree for p.V231_I232del overexpressing cells but not for
cells overexpressing p.R92W or p.K132Q variants of SIL1.
As a pathomorphological immunoreactivity-pattern has already
been demonstrated for p.L457P mutant SIL1 in COS7 cells
(14), the recapitulation in Hek293 cells confirms the suitability
of these cells to investigate pathogenicity of SIL1 mutations.
Moreover, a similar pattern of immunoreactivity has been
shown in vitro upon overexpression of a pathogenic form
of SIL1 caused by a deletion of thymidine at base-pair
position 1366 of the corresponding gene (17). Consequently,
our immunofluorescence findings confirm the pathogenicity
of p.G312R mutant SIL1. One might speculate that the small
focal accumulations of the p.V231_I232del mutant form of SIL1
represent early stages of degradation of the mutant protein, an
assumption that is in line with the detection of degradation bands
upon short-term overexpression (Figure 2B) and the absence
of the protein upon long-term overexpression (Figure 2A).
As immunofluorescence studies of p.R29W did not reveal
pathological changes compared to the cells overexpressing the
wildtype or the p.K132Q variant form of SIL1, the combined
results support the notion that p.R92W is a polymorphic variant
rather than a pathogenic mutation and also indicate that the
pattern of SIL1 immunoreactivity might serve as another cellular
biomarker or read-out measure allowing the evaluation of
pathogenicity of SIL1 amino acid substitutions.

The altered distribution and aggregation of p.G312R and
p.L457P mutant forms of SIL1 prompted us to focus on
subcellular ultrastructural alterations suggestive for protein
aggregation and proteolysis. Indeed, electronmicroscopic studies
revealed the presence of vacuoles in Hek293 cells overexpressing
these two pathogenic missense variants of SIL1. One might
assume that these vacuoles result from impaired ER-function and
thus protein processing resulting in accumulation of osmophilic
material which could also be observed in the cytoplasm (not
localized within vacuoles; white arrows in Figure 4B). As
the p.V231_I232del pathogenic mutation is instable, protein
aggregates and vacuoles identified by electron microscopy might
correlate to the degradation of the mutant SIL1 protein.
Importantly, build-up of electron-dense aggregates and altered
ER morphology have also been described in immortalized
lymphoblastoid cells from patients [including heterozygosity for
p.V231_I232del and p.G312R, (6, 13)] as well as in Hek293
cells with depleted SIL1 expression (16) but also in MSS-
patient derived fibroblasts (25). This in turn confirms the
suitability of our generated in vitro overexpression models to
evaluate the pathogenicity of SIL1 mutations on the ultra-
structural level. However, results of our immunoblot-studies
focussing on ER-stress and activation of proteolysis suggested
a more profound ER-vulnerability and proteolytic activation in
Hek293 cells overexpressing the p.L457P-mutant form of SIL1
and furthermore again suggest that the p.R92W is in fact a
polymorphic missense variant of SIL1. Based on the relatively low
effect of the overexpression of p.G312R (showing a detrimental
effect on oxidative homeostasis; see above) on ER-homeostasis
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and proteolysis compared to overexpression of p.L457P, the
necessity of parallel investigations of different read-out measures
to draw a meaningful conclusion regarding the pathogenicity of
SIL1 variants is indicated.

SIL1-interactome has been addressed as a potential further
measure to evaluate the pathogenicity of amino acid changes
in SIL1 and results showed that all variants of the SIL1-protein
investigated in this study bind to BiP, Mortalin and the small
subunit of Calpain-1. In this context it is important to note that
an ER localization of Mortalin which shows a high homology to
BiP has already been described (26). Given that Calpain-1 acts
as a non-lysosomal thiol-protease catalyzing proteolytic cleavage
of substrate proteins, its binding to all five variants of SIL1 as
well as toWT-SIL1 might result from protein overexpression and
serves toward the elimination of excessive level, an assumption
supported by our previous findings in Hek293 cells with WT-
SIL1 overexpression (12). As BiP represents a well-known
binding partner of SIL1 but also acts as a major chaperone
in the UPR facilitating the re-folding of misshaped proteins,
it is difficult to evaluate whether the interaction of BiP with
the different variants of SIL1 is physiological or a result of an
attempt to warrant a native folding of the protein in case of the
binding to the pathogenic forms of SIL1. Notably, localization
of p.V231_I232del- and p.G312R-amino acid changes in the BiP-
binding domain of SIL1 (Figure 1A) are suggestive for a binding
of BiP to these SIL1-forms (or degradation products) toward
re-folding and antagonization of build-up of (toxic) protein
aggregates. This hypothesis is further supported by the fact that
DNAJB11/ERj3 serves as another BiP co-chaperone (stimulating
ATPase activity) by direct binding to both unfolded ERAD-
substrates and nascent unfolded peptides, but dissociates from
the BiP-unfolded protein complex before folding is completed
(27) and our molecular observation of ERj3 binding to p.G312R
and p.L457P mutant SIL1 but not to WT-SIL1, and the
p.R92W and p.K132Q variants. Thus, it seems plausible that
the functional ERj3-BiP complex is recruited to the pathogenic
missense variants based on pathophysiological circumstances.
On a general note, this finding moreover suggests that ERj3
binding to SIL1 or rather the SIL1-BiP complex might serve as
a molecular measure/ biomarker to evaluate the pathogenicity
of stable SIL1 missense variants. However, results of our
immunoblot studies of ER-stress related proteins did not show
elevated ERj3 level in Hek293 cells overexpressing p.G312R and
p.L457Pmutant SIL1 compared cells overexpressing the wildtype
SIL1 protein (Figure 4C) indicating that cellular available ERj3
pools are re-located to the two pathogenic mutant forms of
SIL1. Mass spectrometry-based analysis of SIL1-interacotme
moreover revealed that the wildtype protein as well as the
p.R92W and p.K132Q variants bind to POC1A. Interestingly,
immunoprecipitation of the p.G312R and p.L457P forms of SIL1
along with their interactors did not result in the identification
of the binding to POC1A. This finding defines the interaction
of POC1A with SIL1 variants as further read-out measure
to evaluate the pathogenicity of amino acid substitutions and
deletions in SIL1 and by the same token underlines our previous
findings suggesting that the p.R92W variant form of SIL1
is in fact a polymorphic variant rather than a pathogenic

TABLE 2 | Overview of cellular markers and respective analytical approaches

toward evaluation of pathogenicity of SIL1-mutants.

Test Cellular marker of pathogenicity

Native and reducing PAGE with

subsequent Western-Blot of

SIL1 protein

Higher and lower molecular weight bands as

signs of protein aggregates (in native PAGE)

and degradation products

WST-1 viability assay Reduced viability

Immunofluorescence of

SIL1-protein

Non-reticular pattern of immunoreactivity

Electron microscopy Abnormal mitochondria, vacuoles & protein

aggregates, dispersed Golgi, disintegrated

centrosomes

SIL1-interactome Loss of interaction with POC1A and binding to

DNAJB11/ ERj3

Immunoblot analysis of cellular

stress markers

Oxidative- and/ or ER-stress burden

SIL1-SIL1 homomerization Occurrence of degradation products of

pathogenic mutant SIL1-protein which do not

present rapid degradation

mutant of the BiP co-chaperone. On a more general note, our
immunoprecipitation data support the previous description of an
interaction of POC1A with the SIL1-BiP machinery as identified
by BioPlex 2.0 [Biophysical Interactions of ORFEOME-derived
complexes; (28)].

Prompted by the fact POC1A mutations are causative for
a phenotype defined by short stature, onychodysplasia, facial
dysmorphism, and hypotrichosis (SOFT syndrome; 22) and short
stature is also a recurrent clinical finding in MSS patients, effect
of SIL1 expression (wildtype and variant forms) has been studied
and highlighted an increasing effect of elevated SIL1 protein level
on POC1A protein abundance (Figure 5B). Same effect could be
observed for p.R92W and p.K132Q but not p.G312R, p.L457P
or p.V231_I232del mutant forms of SIL1. This effect indicates
that the molecular interaction between the two proteins might
also be of relevance for the clinical manifestation of MSS upon
loss of (functional) SIL1. Given that POC1A links centrosomes
to Golgi assembly and function we further studied level of
FAM134B, a newly identified cis-Golgi protein with a pivotal
role in neuronal function and survival (24) in relation to the
expression of SIL1 wildtype protein. Here same results as for
POC1 could be obtained (Figure 5B) suggesting an impact of
SIL1 expression on the Golgi apparatus, an assumption which
accords with the newly identified SIL1-POC1A interaction and
the results of our further immunofluorescence studies not only
showing a co-localization of SIL1 with POC1A and FAM134B but
also with golgin-97, a known Golgi-marker protein (Figure 5C).
Results of these immunofluorescence-based localization studies
in combination with our immunoprecipitation findings also
suggest that SIL1 localizes (although to a minor degree)
to subcellular compartments beyond the ER. However, to
follow the hypothesis that pathogenic SIL1 variant significantly
impact on function and structure of centrosome and the
Golgi apparatus, ultra-structural studies focussing on their
integrity have been carried out and revealed proliferated and
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dispersed Golgi cisternae as well as centriole-multiplications
and -proliferations in Hek293 cells overexpressing the known
pathogenic forms of SIL1 but not in cells overexpressing the
wildtype or the p.R92W or p.K132Q forms of the protein
(Figures 5D,E). These pathomorphological findings in turn
further support the concept of an impact of SIL1 on Golgi and
centrosome function and integrity and by the same token define
changes in Golgi and centrosome structures as further read-
out measures enabling the evaluation of the pathogenicity of
SIL1 mutations. In this context, it is important to note that
depletion of SIL1 expression in Hek293 cells could be linked to
vulnerability of the Golgi apparatus on both the structural and the
biochemical level (16).

CONCLUSIONS

Generation and subsequent functional, biochemical
and morphological phenotyping of our in vitro models
overexpressing different (benign and pathogenic) forms of the
SIL1 protein allowed to define cellular markers to evaluate
the pathogenicity of SIL1-mutations, an aspect of significant
importance for genetic counseling and genotype-phenotype
correlations. Suitable assays and respective read-out measures
(in terms of cellular biomarkers for pathogenicity of changes in
SIL1 amino acid composition) are summarized in Table 2.
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2Center for Outcomes Research and Clinical Epidemiology, Pescara, Italy, 3Operative Unit of Neurology, “Dimiccoli” General

Hospital, Barletta, Italy

Introduction: In relapsing Multiple Sclerosis (RMS) patients treated with disease

modifying drugs (DMDs), few data are available regarding the biomarkers of treatment

response. We aimed to assess the predictive value of lymphocyte count (LC) and Body

Mass Index (BMI) for treatment response in a real life setting of dimethyl fumarate (DMF)

treated patients.

Materials and Methods: We included in our observational analysis 338 patients who

were prescribed DMF in an Italian MS Center. We collected clinical and demographic

data at the beginning of DMF (T0), and assessed White Blood Cells (WBC) and LC at

T0 and at 3 (T3), 6 (T6), 9 (T9), and 12 (T12) months. Gadolinium enhancing (Gd+), new

T2 lesions and relapses within the first year of treatment (T12) were recorded in order to

evaluate clinical activity at 12 months. Analysis of correlation was performed to correlate

WBC, LC and BMI with clinical and radiological responses. We evaluated whether BMI

or LC can predict treatment response by using multivariate logistic regression models at

each follow-up.

Results: Our cohort was followed up for a mean period of 19.8 ± 6.8 months. The

mean BMI at baseline was 24.19 ± 4.48. The multivariate models gave as predictive

factors for Gd+ lesions at T12, LC at T3 (OR = 1.003, 95% CI = 1.00-1.07; p = 0.046)

and baseline BMI (OR = 0.71, 95% CI = 0.52–0.98; p = 0.037). Predictive factors for

new T2 lesions at T12 were LC at T3 (OR = 1.01 95%CI = 1.00–1.95; p = 0.005) and

baseline BMI (OR = 0.99, 95% CI = 0.98–1.00; p = 0.026).

Conclusions: In our real life-experience, BMI and LCmay be early biomarkers to predict

treatment response during DMF.

Keywords: dimethyl fumarate, lymphocyte count, body mass index, biomarkers, treatment response
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INTRODUCTION

Multiple Sclerosis (MS) is a chronic immune-mediated disease
of the central nervous system mainly affecting young adults
(1). The development of disease modifying drugs (DMDs) has
made an important contribution to MS treatment, allowing a
reduction in the frequency of relapses and delaying disease
progression. In recent decades there has been a constant increase
in the availability of DMDs with different mechanisms of action,
routes of administration and safety profiles. Interferon-β (IFN-
β) and glatiramer acetate (GA) are well-established MS therapies
which have well-characterized safety profiles and have shown a
reduction of relapse rate by approximately one third. However,
these DMDs are administered through weekly or daily injections
and patients may experience breakthrough disease activity and
tolerability may be suboptimal (2, 3). These drawbacks have
prompted the search for drugs that could reduce the burden of
medication administration and be somehow more efficacious.
All newer DMDs have the aim of regulating or suppressing the
immune system through specific pathways, and in many cases
this has resulted in foreseeable adverse effects (lymphopenia).

Dimethyl fumarate (DMF) is a DMD that was approved for
the treatment of relapsing–remitting MS (RRMS) in 2013 in
the USA and in 2014 in the European Union. Two Phase III
studies and their ongoing long-term extensions have proved that
DMF reduces Annualized Relapse Rate (ARR) by∼50% and also
reduces the number of new or enlarging T2 hyperintense lesions,
new T1 hypointense lesions, and gadolinium-enhancing (Gd+)
lesions (4–6). Although its exact mechanism of action has not
been fully explained, DMF has proven capable of reducing white
blood cell (WBC) counts and absolute lymphocyte counts (LC)
by ∼30% from the baseline within the first year of treatment (7).
Of the patients treated for at least 6 months, 2.2% experienced
LC <500 mm3 [grade 3 lymphopenia, according to Common
Terminology Criteria for Adverse Events –CTCAE- vs. 4.0
(8)] persisting for at least 6 months (5). However, the clinical
implications of DMF-induced leukopenia and lymphopenia on
treatment response are not yet fully understood. Nevertheless,
the need for a careful surveillance is strong given the cases
of progressive multifocal leukoencephalopathy (PML) occurring
in DMF treated patients with sustained lymphopenia (grade 3
lymphopenia for >6 months) (9).

In addition to acting via the immunomodulation of various

cells, DMF also appears to act through neuroprotection since it

induces the nuclear factor erythroid 2–related factor 2 (Nrf2)

pathway (10). It has been demonstrated that Nrf2 activity is
lessened in diabetes and that bodyweight couldmodify its activity
(11). In recent years, several studies have investigated the role of
the Body Mass Index (BMI) in the pathogenesis of autoimmune
diseases, such as MS. It has been shown that obesity may
worsen the disease course in several autoimmune diseases (12)
and studies have reported a positive association between BMI
and disability among MS patients (13). Although this evidence
supports the role of obesity as a risk factor for MS and its
progression, the potential effects of BMI on treatment response
have not yet been fully understood. Our work attempted to assess
the predictive value of LC and BMI for treatment response in

a real-life cohort of DMF-treated relapsing Multiple Sclerosis
(RMS) patients. For this purpose, we evaluated the temporal
profile of WBC and LC during the first year of treatment and also
correlated clinical and Magnetic Resonance Imaging (MRI) (T1
Gd+ lesions, new or enlarging T2 lesions) variables with BMI
and with WBC and LC variation in order to identify potential
biomarkers of treatment response.

METHODS

Study Design, Study Population,
and Follow-Up
This is an observational, retrospectively acquired cohort study,
approved by the Local Ethics Committee. At the beginning
of DMF all patients provided their written informed consent
to authorize the use of their clinical and MRI data. A total
number of 456 patients started DMF-treatment at the Center
for Multiple Sclerosis of the University of Bari between 2014
and 2016; we studied a cohort of 338 patients with RMS
according to McDonald and Polman criteria (14, 15), who had
reached at least 1-year follow up (Figure 1). Three patients
(0.5%) had an unscheduled MRI before the sixth month of
treatment (mean time of MRI acquisition = 2.8 ± 0.2 months),
showing, according to their treating physician, a high MRI
disease activity compared with the baseline MRI; therefore
they interrupted the treatment before reaching the sixth month
follow up, underwent a high-dose intravenous glucocorticoids,
and were then switched to second line DMDs. Five patients
(1.1%) experienced a disabling relapse within the third month
of treatment and were therefore treated with high dose steroids.
Three of these patients were also treated with plasma exchange.
All five interruptedDMF treatment. These eight patients were not
included in the study cohort.

At the beginning of the treatment (baseline), the following
demographic, clinical and MRI data were collected from all
patients using the electronic iMed database: age and gender,
weight, height, BMI, disease duration, number of relapses,
previous DMDs, presence/absence of new/enlarging T2 lesions,
and presence/absence of Gd+ lesions. To avoid the slight weight
gain (16), possibly caused by a steroid cycle, patients weight and
BMI were recorded at least 30 days after the last day of steroids
intake. Patients were assessed for neurological disability using
the Expanded Disability Status Scale (EDSS) (17) at baseline and
at 3-month intervals, and an additional neurological assessment
was performed in the event of a relapse. Relapses were defined
as episodes of neurological symptoms occurring at least 30 days
after the onset of any previous episode, lasting at least 24 h, not
attributable to any other causes, occurring in the absence of an
infection or fever, and accompanied either by new clinical signs,
i.e., changes in the neurological examination, or by an increased
EDSS score (1). Peripheral blood (PB) samples were collected in
order to monitor WBC and LC at baseline (T0), and then at 3-
month intervals. To avoid any possible confounders due to the
effect of steroid treatment in the case of relapses/MRI activity,
PB samples were collected at least 30 days after the last day of
corticosteroids intake. WBC count and LC were evaluated using
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FIGURE 1 | Flow diagram of the study. pwMS, people with Multiple Sclerosis;

DMF, dimethyl fumarate; MRI, Magnetic Resonance Imaging; T12, 1

year follow-up.

the quality reference of the same laboratory at the Center for
Multiple Sclerosis of the University of Bari.

MRI scans were performed on a 1.5 T Achieva scanner
(Philips Healthcare, Best, Netherlands) and 8-channel head
coil. Dual-echo sequences (to obtain T2 weighted images; TR
2,800ms, TE 21/120ms, flip angle: 90◦) and fluid attenuated
inversion recovery (FLAIR; TR/TE/TI, 8,900/190/2,500ms, flip
angle: 90◦) were acquired in axial orientation (50 slices, 3-
mm thick, 1-mm gap, FOV 256 x 256, matrix 400 x 400).
Before and after gadolinium administration, T1 weighted images
(TR /TE 1,000/12.5ms, flip angle: 69◦) were acquired in axial
orientation (22 slices, 5-mm thick, 1-mm gap, FOV 230 × 230,
matrix 320 × 320). Spinal cord MRI protocol included T2-
weighted (TR/TE 3,500/120ms) and T1-weighted (before and
after gadolinium administration; TR/TE 400/7.5ms), acquired
in sagittal orientation (13 slices, 3.5-mm thick, 0.35-mm gap,
FOV 522 × 522, matrix 1,024 × 1,024). Baseline MRI scans
were performed no more than 6 months before the start of DMF
treatment (mean time of MRI acquisition = 3.8 ± 1.4 months),
and then at 6-month intervals (±30 days). MRI outcomes were
defined as follows: presence/absence of new/enlarging T2 lesions;
presence/absence of Gd+ lesions. Trained neuro-radiologists
performed the lesion count by visual analysis of two successive
MRI images.

Clinical Variables
The quantitative variation in WBC and LC, considered both in
terms of absolute value and of the “delta” (1 = the difference

between the absolute values of WBC and LC between two
consecutive time-points), were analyzed. The baseline (T0) was
compared with four different periods of treatment: T3 (3rd
month ± 30 days), T6 (6th month ± 30 days), T9 (9th month ±

30 days), and T12 (12th month± 30 days). Moreover, in order to
investigate the impact of the DMF-induced lymphopenia (DIL)
on the risk of clinical andMRI activity, themedian of the absolute
LC was calculated at each observation time, and patients were
divided into two groups: those with a high DIL (DIHL, above the
median) and those with a low DIL (DILL, below the median).
We used this statistical (not clinical) classification to divide the
study population into two equal-sized groups (50% of the LC
distribution for each group).

Outcomes
- Presence/absence of new T2 lesions at the T12 MRI follow-up;
- Presence/absence of Gd+ lesions at the T12 MRI follow-up;
- Presence/absence of relapses within the first year of

DMF treatment;
- Variation in WBC and LC over time.

Statistical Analysis
Baseline characteristics were reported for continuous variables
as mean ± standard deviation (SD) and for categorical
variables as percentages. Characteristics were compared in
subjects with and without an event (presence/absence of Gd+
lesions, presence/absence of new T2 lesions, presence/absence of
relapses) using the T-test for continuous variables and the chi-
squared test for categorical variables. For the comparison over
time, we used the Wilcoxon matched pair test, and analysis of
Pearson correlation was performed to correlate WBC and BMI.

We used multivariate analysis testing the following covariates:
sex, age at the start of DMF, presence/absence of T2 lesions at the
baseline MRI, presence/absence of Gd+ lesions at the baseline
MRI, presence/absence of relapses in the year before starting
DMF, previous DMD exposure (naïve patients vs. patients treated
with a first-line DMD vs. those treated with a second-line DMD),
variation in WBC from T0 to T3, LC at T3, baseline BMI, DIHL
at T3 and at T6. Multivariate logistic regression models always
considered as covariates the baseline clinical and demographic
characteristics of the cohort, and those covariates significant
at the univariate analysis, and were used to evaluate whether
BMI or LC can predict the outcome. We used a multivariate
logistic regression approach for each follow-up because there
were no exact dates for follow-up evaluation. Results were
expressed as odds ratio (OR) and 95% confidence intervals
(95% CI). A 2-sided p<0.05 was considered significant. All
analyses were performed using the SPSS version 19.0 (SPSS Inc.,
Chicago, Illinois).

RESULTS

The mean ± standard deviation (SD) follow-up of our cohort
was 19.8 ± 6.8 months. The baseline demographic and clinical
characteristics of the study population are shown in Table 1.
Our cohort consisted of 197 (58.3%) female patients and 141
(41.8%) male patients. The mean age at DMF initiation was

Frontiers in Immunology | www.frontiersin.org 3 June 2019 | Volume 10 | Article 1343318

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


Manni et al. Biomarkers of Dimethyl-Fumarate Treatment Response

TABLE 1 | Baseline demographic, anthropometric, and clinical characteristics of

the study population.

Number of patients 338

Sex: n (F/M) 197/141

Age at DMF beginning (years, mean± SD) 38 ± 10.7

Disease duration (years, mean± SD) 12.5±7.3

EDSS at DMF initiation (mean± SD) 3.0 ± 1.5

Patients with comorbidities (%) 118 (34.9%)

BMI at DMF beginning (kg/m2, mean± SD) 24.19 ± 4.48

LC (cells/mm3 mean± SD) 1,940 ± 667.60

WBC (cells/mm3 mean± SD) 6380.8 ± 2051.93

Previous DMDs

-Naïve: n (%) 50 (14.8%)

-Only first line treatments: n (%) 257 (76%)

-First and second line treatments; n (%) 31 (9.2%)

DMF, Dimethyl fumarate; SD, standard deviation; EDSS, Expanded Disability Status Scale;

BMI, Body Mass Index; LC, lymphocyte count; WBC, white blood cells; DMDs, Disease

modifying drugs.

38 ± 10.7 years, and the mean disease duration was 12.5 ±

7.3 years. The mean EDSS at DMF initiation was 3.0 ± 1.5
and the ARR in the previous year was 0.5. The mean BMI at
baseline was 24.19 ± 4.48. Fifty patients were treatment-naïve
(14.8%), while 257 switched to DMF from a first-line DMD, and
31 from second-line treatments. The latter 31 patients (2 with
Mitoxantrone, 2 with Azathioprine, 21 patients with Fingolimod
and 4 patients with Natalizumab), because of a possible overlap of
immunosuppressive effects, observed a washout period sufficient
to restore immune function and bring LC and WBC back within
normal ranges. For patients switching from a first-line DMD,
a wash-out period of at least 4 weeks was observed (longer if
specifically reported by Summary of Product Characteristics or
in accordance with treating-physicians’ decisions).

Temporal Profile of WBC and LC
Figure 2 shows WBC and LC values at the beginning of DMF
and at 3-month intervals during the first year of treatment.
We compared the LC and WBC between T0 and T3, and we
observed a reduction of 15.4% in LC (from 1,940 ± 667.60 to
1642.18 ± 184.75; p < 0.0001) and a reduction of 5.9% in WBC
(from 6380.80 ± 2051.93 to 6010.29 ± 1601.30; p = 0.124). In
T0–T6, a reduction of 33.2% was observed in LC (from 1,940
± 667.60 to 1296.06 ± 584.03; p < 0.001) and a reduction of
14.9% in WBC (from 6380.80 ± 2051.93 to 5,436 ± 1585.63; p
< 0.001). In T0–T9, a reduction of 39.1% was observed in LC
(from 1,940 ± 667.60 to 1181.86 ± 480.80; p < 0.001), and a
reduction of 19.9% in WBC (from 6380.80 ± 2051.93 to 5119.28
± 1252.66; p < 0.001). Finally, in T0–T12, a reduction of 37.14%
was observed in LC (from 1,940 ± 667.60 to 1213.01 ± 577.6;
p < 0.001) and a reduction of 15.7% in WBC (from 6380.80 ±

2051.93 to 5383.33 ± 1313.82; p < 0.001). From T3, 29 patients
presented GRADE I CTCAE lymphopenia (<LLN-800 u/mm3),
and 24 presented GRADE II lymphopenia (<800–500 u/mm3).
The nadir of reduction was observed at T9, both for WBC (p <

0.0001) and LC (p < 0.0001), with a reduction, respectively, of
19.8 and 39.1% from T0.

Correlation Between WBC and LC Variation
and Disease Activity
During the first year of treatment, in our cohort, the ARR was
significantly lower than ARR as recorded in our clinical database
for the previous year (0.25 vs. 0.51, p = 0.001). We evaluated
the correlation between WBC and LC variation and outcomes of
disease activity during DMF-treatment (Table 2).

In the univariate analysis, patients who experienced relapses
within the first year of treatment had a higher WBC count at T3
(6,031 ± 1,687/µl vs. 5,660 ± 1,110/µl, p = 0.05) as well as a
lower variation in WBC between T0 and T3 (−59.53 ± 1006.33
vs. 167.79± 1660.78, p= 0.05) than patients who experienced no
relapse (Table 2). However, multivariate analysis confirmed the
reduction in WBC as a predictive factor for relapses occurring
during the entire first year of treatment (OR = 1.054, 95% CI =
1.03–2.65; p= 0.043, Table 3).

We observed no differences in the absolute value or the delta
of WBC between patients presenting new Gd+/T2 lesions and
patients who did not. On the other hand, LC was higher at T3 in
patients who experienced new Gd+ lesions at T6 (1,845 ± 455
vs. 1,486 ± 556, p = 0.043), in patients who experienced new T2
lesions at T12 (1,952 ± 317 vs. 1,495 ± 592; p = 0.040), and in
patients experiencing a relapse during the first year of treatment
(1,761 ± 465 vs. 1,386 ± 402; p = 0.033) (Table 2). Multivariate
analysis showed that LC at T3 was a predictive factor for Gd+
lesions at T12 (OR = 1.003, 95% CI = 1.00–1.07; p = 0.046)
(Table 3) and new T2 lesions at T12 (OR = 1.01; 95% CI =

1.00–1.95; p= 0.005) (Table 3).
In order to investigate the impact of the lymphocytes on the

risk of relapses and on worsening MRI, the median values of LC
at T3, T6 and T9 were calculated, and the population was divided
into two groups:

- Patients with LC below the median calculated (with low
number of DMF-induced lymphocytes -DILL-),

- Patients with LC above the median calculated (with high
number of DMF-induced lymphocytes -DIHL-).

In the univariate analysis, during the first and second semesters
of treatment, no differences were found between the clinical
activity of patients with DIHL and patients with DILL (Table 2).
However, considering MRI activity at T12, patients with DIHL at
T3 (OR = 1.31, 95% CI = 1.12–5.34, p = 0.043) and at T6 (OR
= 1.14, 95% CI = 1.13–6.33; p = 0.05) had a higher risk of Gd+
lesions (Table 3). Patients with DIHL at T3 (OR = 1.26, 95% CI
= 1.07–1.96; p = 0.04) and at T6 (OR = 1.48, 95% CI = 1.15–
2.59; p = 0.035) also had a higher risk of new T2 lesions at T12,
compared to patients with DILL (Table 3).

Role of BMI
Patients experiencing a relapse during the first year of treatment
presented a lower baseline BMI (20.9 ± 2.4 vs. 24.7 ± 4.4; p =

0.001) (Table 2). Multivariate analysis, confirmed baseline BMI
as a predictive factor for GD+ lesions at T12 (OR = 0.71; CI =
0.52–0.98; p= 0.037) (Table 3) and also for new T2 lesions at T12
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FIGURE 2 | Temporal profile of WBC and LC of the entire cohort compared with patients showing MRI activity at T12. Data are presented as mean ± SD. WBC, white

blood cell; LC, lymphocyte count; MRI, Magnetic Resonance Imaging; Gd+, Gadolinium enhancing; T2+, new hyperintense lesions; T0, baseline; T3, 3 months follow

up; T6, 6 months follow-up; T9, 9 months follow up; T12, one year follow-up.*Indicates Wilcoxon matched pair test P < 0.05 (vs. T0) in the entire sample size.

(OR = 0.99, 95% CI = 0.98–1.00; p = 0.026) (Table 3). Figure 3
graphically represents the BMI in patients with and without new
T2 lesions at T12.

At T0 we observed a direct correlation between the WBC
count and BMI (r = 0.42; p = 0.001; Figure 4); we had
also expected a correlation between BMI and LC, as often
found in other diseases, but we did not observe this. No
other correlations were found between baseline WBC and LC
values and any clinical-demographic variable (baseline age and
gender, disease duration, number of relapses within the previous
year, previous DMDs, presence/absence of new/enlarging T2
lesions, and presence/absence of Gd+ lesions). We further
investigated whether any comorbidities, presented by 34.9% of
our population (118 patients), could influence BMI at baseline,
but we found no difference between BMI in patients with and
without comorbidities (24.7 ± 3.8 vs. 23.9 ± 5.4; p = 0.117). We
also observed a direct correlation between BMI and WBC at T3
(r = 0.23; p = 0.016); no other correlations were found between
baseline BMI and variations in WBC and LC values.

DISCUSSIONS AND CONCLUSIONS

Several DMDs used to treat MS can reduce the occurrence
of relapses and slow the progression of neurological disability,
thus improving patients’ quality of life. However, variability in
response to DMDs in patients with MS represents a significant
clinical challenge. Potentially, treatment delays may occur in
suboptimal responder patients, exposing them to adverse effects
without significant benefit. Therefore, biomarkers of treatment
response are urgently needed. In our cohort, after 1 year

of therapy, DMF was effective in reducing both clinical and
MRI disease activity, as shown by the multivariate models
used that take into account the absence of exact date of both
clinical and MRI relapses. We tried to identify some possible
factors that could influence DMF effectiveness, avoiding potential
confounders such as baseline disease activity and other patient
specific characteristics that were considered in our analysis.
Building our hypothesis we also considered the drug effects that
involve immunomodulatory action as well as neuroprotection
(10, 18). DMF, in fact, reduces cytokine production (19), down-
regulates the migratory activity of immune cells at the blood–
brain barrier (20) and activates the antioxidant nuclear factor
NRF2 transcriptional pathway (10, 21). Considering that the
Nrf2 pathway plays an important role in energy metabolism
(11, 22) and that recent data demonstrate that DMF is a
negative regulator of preadipocyte differentiation mediated by
STAT3 inhibition (23), we tried to link patients’ BMI with both
clinical (relapses) and MRI outcomes. There have been studies
indicating that overweight and obese patients have a lesser chance
of obtaining complete remission and Non-Evidence of disease
Activity (NEDA)-status during IFN-β-treatment, although it
remains to be determined whether this is due to a suboptimal
treatment response or to a generally more aggressive disease
(24). Moreover, Krupp et al. have argued that a higher BMI
in US adolescents could be a relevant explanation for their
worse outcomes during IFN-ß therapy (25). Obesity, however,
is known to effect serum inflammatory markers, promoting a
chronic low-grade inflammatory state (26), also through the
activation of the nuclear factor (NF) κB pathway (27), and
DMF has been shown to prevent the induction of NFκB
dependent transcription (28). In our cohort, a lower BMI was
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TABLE 2 | LC and WBC of the patients stratified for Gd+ lesions, new T2 lesions and relapses.

GD+ lesions at

baseline MRI (YES)

N = 95 (28%)

GD+ lesions at

baseline MRI (NO)

N = 243 (72%)

Gd+ lesions at T6

(YES) N = 48 (14.2%)

Gd+ lesions at T6

(NO) N = 290 (85.8%)

Gd+ lesions at T12

(YES) N = 30 (8.9%)

Gd+ lesions at T12

(NO) N = 308 (91.1%)

Baseline LC

(cells/mm3 )

1,846 ± 554 1,986 ± 720 1,857 ± 584.4 2,102 ± 912.4 1,903 ± 503 1,967 ± 498

Baseline WBC

(cells/mm3 )

6,300 ± 1,636 6,466 ± 2,222 6,630 ± 2,033 6,228 ± 1,995 6,630 ± 917 6,204 ± 1,649

LC at T3 (cells/mm3 ) 1,925 ± 1,281 1,588 ± 583 1,845 ± 455* 1,486 ± 556* 2,024 ± 337 1,518 ± 581

WBC at T3

(cells/mm3 )

6,208 ± 1,326 6,006 ± 1680 5,875 ± 1,277 5,788 ± 1624 7,376 ± 1165 5,962 ± 1,575

New T2 lesions at

baseline MRI (YES)

N = 125 (37%)

New T2 lesions at

baseline MRI (NO)

N = 213 (63%)

New T2 lesions at T6

(YES) N = 91(26.9%)

New T2 lesions at T6

(NO) N = 247 (73.1%)

New T2 lesions at

T12 (YES) N = 50

(14.8%)

New T2 lesions at

T12 (NO) N = 288

(85.2%)

Baseline LC

(cells/mm3 )

2,069 ± 740 1,880 ± 642 1,855 ± 546.1 2021.63 ± 837.5 1903.8 ± 614 1,941 ± 393

Baseline WBC

(cells/mm3 )

6,344 ± 2,244 6,478 ± 2,000 6,001 ± 2,024 6,419 ± 1,986 6,312 ± 1,090 6,234 ± 1,678

LC at T3 (cells/mm3 ) 1,811 ± 1,826 1,518 ± 570 1,739 ± 571 1,461 ± 653 1,952 ± 317* 1,495 ± 592*

WBC at T3

(cells/mm3 )

6,247 ± 1,539 5,936 ± 1,357 5,969 ± 1,392 5,729 ± 1,641 6,840 ± 1,073 5,963 ± 1,940

Relapse before DMF

(YES) N = 152 (45%)

Relapse before DMF

(NO) N = 186 (55%)

Relapse within T6

(YES) N = 41 (12%)

Relapse within T6

(NO) N = 297 (88%)

Relapse within T12

(YES) N = 63 (18.6%)

Relapse within T12

(NO) N = 275 (81.4%)

Baseline LC

(cells/mm3 )

1,837 ± 622 2,027 ± 696 2054.18 ± 956 1,858.15 ± 561 1,702 ± 549 1,868 ± 858

Baseline WBC

(cells/mm3 )

6,194 ± 2,073 6,553 ± 2,033 6,324 ± 2,126 6,216 ± 1,972 6,165 ± 1,045 5,600 ± 1,275

LC at T3 (cells/mm3 ) 1,551 ± 574 1,725 ± 1,548 1,687 ± 353 1,597 ± 537 1,761 ± 465* 1,386 ± 402*

WBC at T3

(cells/mm3 )

6,193 ± 1,662 5,841 ± 1,537 6,243 ± 1,398 5,850 ± 1,688 6,031 ± 1,687* 5,660 ± 1,110*

Values expressed as mean (±SD).

LC, lymphocyte count; WBC, white blood cells; T3, 3 months follow-up; T6, 6-months follow up; T12, 1 year follow up. * underlines p < 0.05.

TABLE 3 | Predictors of relapses and MRI disease outcomes at T12: multivariate logistic regression analysis.

OR (95% CI); p-value

Variable Relapse within T12 New T2 lesions at T12 Gd+ lesions at T12

Gender (F) 0.635 (0.09–4.13); 0.630 0.313 (0.06–15.14); 0.557 0.095 (0.001–5.23); 0.566

Age 0.851 (0.697–1.04); 0.060 0.63 (0.56–11.25); 0.991 0.411 (0.062–2.73); 0.358

Baseline Gd+ (YES) 0.045 (0.005–0.44); 0.080 0.032 (0.001–1.23); 0.994 0.011 (0.001–1.96); 0.088

Baseline T2 (YES) 1.99 (0.25–16.07); 0.510 1.22 (0.28–2.21); 0.198 0.31 (0.074–1.29); 0.109

Relapses pre-DMF (YES) 0.73 (0.61-1.60); 0.060 1.016 (0.175–14.5); 0.993 1.76 (0.175–15.32); 0.998

1st line DMD vs. naive 1.002 (0.045–3.47); 0.990 6.37 (0.19–7.52); 0.988 0.15 (0.001–69.9); 0.545

2nd line DMD vs. naive 0.236 (0.008–6.74); 0.380 2.25 (0.03–2.29); 0.862 0.31 (0.07–1.3); 0.109

Variation in WBC 1.054 (1.03-2.65); 0.043 – –

LC at T3 1.08 (0.98–2.80); 0.090 1.01 (1.00–1.95); 0.005 1.003 (1.00–1.07); 0.046

Baseline BMI 0.828 (0.61–1.15); 0.213 0.99 (0.98–1.00); 0.026 0.71 (0.52–0.98); 0.037

DIHL at T3 2.5 (0.77–8.05); 0.125 1.26(1.07–1.96); 0.040 1.31(1.12–5.34); 0.043

DIHL at T6 0.62 (0.16–2.42); 0.493 1.48 (1.15–2.59); 0.035 1.14 (1.133–6.33); 0.050

WBC, white blood cells; BMI, Body Mass Index; LC, lymphocyte count; DIHL, high number of DMF-induced lymphocytes; T3, 3 months follow-up; T6, 6-months follow up; T12, 1 year

follow up. *Models always considered as covariates baseline clinical and demographic characteristics of the cohort, and those covariates significant at the univariate analysis. Underlined

values are those statistically significant (p<0.05).

a predictive factor for MRI activity at T12, and we tried to
explain this finding with the differences in DMF action according
to the amount of adipose tissue; we may hypothesize that the

higher the amount of adipocytes, the greater the action that
DMF can exert on the inflammatory aspect of the disease.
Nowadays, in fact, adipocytes are attributed a metabolically
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active role in biochemical mechanisms that may contribute to
a chronic low-grade inflammatory status (29), increasing ROS
oxidative stress. Reactive oxygen and nitrogen species have
been described to induce damage to biological macromolecules
in MS lesions (30, 31). Moreover, in RR and also in
progressive MS, active lesions are associated with inflammation
(32), although not always present in the latter form of
the disease.

We also found that LC at T3 was a predictive factor for clinical
and MRI activity. DMF suppresses lymphocytes and induces T-
cell apoptosis. DMF-induced lymphopenia could theoretically be
linked to disease control. However, in DEFINE and CONFIRM,
the reduction in ARR at 2 years in patients treated with DMF
240mg bid vs. placebo was not substantially different in patients
with lymphopenia (≥1LC < lower limit of normal) compared
to those without lymphopenia (all LCs ≥lower limit of normal)
(7). However, real-life data are sometimes discordant on this
point; for example, data from a Dallas Multiple Sclerosis Center
(33) have shown a greater risk of relapses in patients with
higher LC at 3 months [p < 0.001, hazard ratio [HR]: 1.82],
just as we found in our cohort. Moreover, the Dallas examiners
stratified LC by tertile, and found a reduced risk in patients
with lower LC values: 1,200 cells/mL compared with mid-tier
(1,210–1,800 cells/mL) and the highest tertile (>1,810 cells/mL)
(p < 0.01). We obtained comparable results by stratifying
patients according to the LC median during the follow-up,
and found that patients with DIHL at T3, T6, and T12 had a
higher risk of MRI activity than those with DILL. Conversely,
in another cohort from the MS Center of Washington (34),
DMF-induced lymphopenia did not predict a good clinical
response to therapy. In this Washington study, the authors
examined predictive factors of lymphopenia including recent
natalizumab exposure as risk factors of developing moderate
to severe lymphopenia during treatment with DMF. In our
cohort, the previous treatment was not associated with a different
incidence in reduction of WBC or LC, and we found no
significant correlation between the previous DMD and the
disease activity. However, we observed a direct correlation
between the WBC count and BMI (r = 0.32; p = 0.001)
at T0; since fat tissue releases inflammatory cytokines, this
may explain why in our cohort we found a direct correlation
between WBC (which can be considered a non-specific marker
of inflammation) and BMI. Moreover, while BMI and LC are
independently linked to DMF effectiveness, the association test
performed on these did not prove to be a statistically significant
effect of either clinical or MRI activity. The reason for this
may be that our cohort contained few underweight or obese
patients. Another possible explanation could be that the two
variables did not change to the same extent: BMI remained
constant during the observation period, while there was a
reduction (15.36%) in LC which was statistically significant
from the third month and tended to stabilize around the ninth
month. This finding differs from what has been observed in
an integrated analysis of long-term extension studies on DMF
(7), which demonstrated that LC decreased by 30% during the
first year and then plateaued, remaining above the lower limit
of normal (LLN).

FIGURE 3 | Correlation between baseline BMI and WBC. WBC, white blood

cell; BMI, Body Mass Index.

FIGURE 4 | Univariate between baseline BMI and MRI activity at T12. BMI,

Body Mass Index; MRI, Magnetic Resonance Imaging; T12, 1 Year follow up.

Our analysis did not investigate the influence of different
lymphocytes subsets (LS) on disease activity during DMF. A
recent study demonstrated that patients under DMF therapy
who remained stable (with no radiological or clinical evidence
of disease activity) tended to exhibit greater reductions of
CD3+, CD4+, CD8+, and CD19+ cells compared to active
MS patients, and they also presented significantly higher
CD4/CD8 ratios (35). However, since the monitoring of the
immune system re-modulation in DMF relapsing MS patients
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is not required during the routine clinical practice, we did
not perform, in this real life setting, analyses on specific
LS variations and this is one of the limitations of our
study. Other limitations may be the lack of a control group
treated with a different DMD, as well as the lack of details
regarding metabolic parameters of patients (blood glucose
levels and urine tests), the metabolic state of immune cells,
and patients’ consumption behavior. Further studies will be
performed that will include these details in order to have
a more in-depth analysis of the role of BMI in predicting
DMF effectiveness. Another limitation is that, given the oral
administration of the drug, we did not check patients’ adherence.
Finally, the most important limitation may be the observational
design of our study: our findings may only reflect a unique
sample population and, thus, may not be generalized to
other groups.

In conclusion, elucidating the significance of DMF-induced
lymphopenia could be important for clinical decisions,
including the frequency of monitoring and the possibility
of predicting both clinical or MRI activity. This becomes
an even more appealing prospect when it is considered
that changes in LC can be detected from the third month
of treatment, and might therefore offer the possibility of
formulating an early prediction of a possible suboptimal
response. Moreover, the use of an easily detectable baseline
characteristic (BMI), could allow better profiling of patients
for a tailored treatment. However, given the observational
nature of our work, there is a need for further studies on
larger cohorts in order to support the clinical importance of
our results.
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Dysphagia as Isolated Manifestation
of Jo-1 Associated Myositis?

Bendix Labeit*, Paul Muhle, Sonja Suntrup-Krueger, Sigrid Ahring, Tobias Ruck,

Rainer Dziewas and Tobias Warnecke

Department of Neurology, University Hospital Muenster, Muenster, Germany

Dysphagia can be predominant or sole symptom of myositis. However, diagnostic

evaluation is difficult in such cases. Here, we present evidence for dysphagia as

sole manifestation of Jo-1 associated myositis. A 77-year-old patient suffering from

isolated dysphagia was assessed by flexible endoscopic evaluation of swallowing,

videofluoroscopy, high resolution esophageal manometry, whole body muscle MRI,

electroneurographic and electromyographic examination, cerebrospinal fluid analysis,

screening for autoantibodies, and body plethysmography. We detected isolated

oropharyngeal dysphagia including a decreased pressure of the upper esophageal

sphincter leading to cachexia in an anti-Jo-1 positive patient without any abnormalities in

the other diagnostics. Immunosuppressive therapy with cortisone and azathioprine led

to long-term improvement of dysphagia. This is the first report of isolated dysphagia as

manifestation of Jo-1 associated myositis. Therefore, Jo-1 associated myositis should

be considered as a possible differential diagnosis for isolated dysphagia. Typical signs

for myositis in instrumental dysphagia assessment are presented.

Keywords: dysphagia, myositis, antisynthetase syndrome, antisynthetase antibody, Jo-1, Jo-1 autoantibody,

diagnostic algorithm, idiopathic inflamed myopathy

INTRODUCTION

Dysphagia is frequently reported in patients with myositis (1–6) with prevalence rates ranging
from 30 to 72% (5, 6). Typical symptoms of myositis related dysphagia are coughing, choking,
bolus-sticking in the pharynx and swallowing problems with dry and solid food consistencies
(1, 5). Early diagnosis and specific therapeutic management of dysphagia is crucial as it can lead
to aspiration pneumonia with respiratory failure, which is the leading cause of mortality in patients
with myositis (1, 7). Dysphagia can occur as predominant or sole symptom of myositis: Oh et al.
described dysphagia as the only manifestation of inclusion bodymyositis (8). Shapiro et al. reported
3 cases of isolated pharyngeal dysphagia with biopsies of the omohyoid and cricopharyngeus
muscles showing inflammatory myopathy (9). In such cases, diagnostic evaluation is particularly
difficult, as myositis-related dysphagia may also be present if laboratory or electrophysiological
diagnostics remain unremarkable (10). The role of autoantibodies in the diagnosis of myositis is
steadily increasing. Jo-1 antibodies are now part of the current EULAR diagnostic criteria alongside
clinical criteria, CK blood level, and histological signs (11). Further, autoantibodies can be helpful
in the classification of myositis (12). This biomarker driven development might also be beneficial
in patients with unclear dysphagia. In this case-report we present evidence for dysphagia as isolated
manifestation of Jo-1 associated myositis, which to the best of our knowledge has not been reported
so far. In addition, we give an overview of the literature on the pathophysiology of dysphagia
in myositis.
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CASE REPORT

Patient History
A 77-year-old patient was presented to our outpatient clinic due
to progressive dysphagia. About 10 years ago, he noticed taste
disturbances and discomfort in the mouth region, hindering
his speech. During the last 3 years, he predominantly suffered
from swallowing impairment. He reported of choking and
hiccups in particular when eating solid food. In addition, he
needed increasingly longer to finish a normal meal and had
to extraordinarily concentrate on the eating process. As a
consequence, he avoided eating in public. Recently, he was
hospitalized due to an aspiration pneumonia. The patient did
not take any medication. The detailed clinical examination
revealed no fasciculations, muscle weakness, double vision,
raynaud’s phenomenon, mechanic’s hands, skin rash or dyspnea,
only a cachectic nutritional status due to dysphagia (size
1.8m, weight 53 kg, BMI 16.4) was remarkable. There were
no relevant pre-existing diseases. Cerebral MRI that had been
performed before the presentation in our department showed no
pathological findings.

Diagnostic Procedures
Flexible endoscopic evaluation of swallowing (FEES) revealed
severe oropharyngeal dysphagia with intradeglutitive aspiration
and postdeglutitive residue in the vallecula und pyriform sinus
(graded as severe for semisolid and solid consistencies according
to the Yale Pharyngeal Residue Severity Scale (13) as a sign of
weak pharyngeal constriction (Figure 1). The FEES tensilon test
(14, 15) showed no improvement of dysphagia upon application
of edrophonium. Videoflouroscopy of swallowing (VFSS)
confirmed severe pharyngeal dysphagia with markedly restricted
pharyngeal contraction and consecutive nasopharyngeal reflux as
well as postdeglutitive aspiration due to considerable retention.
Furthermore, there was a markedly delayed triggering of
swallowing reflex with reduced hyolaryngeal elevation and
predeglutitive aspiration, Rosenbek grade 7 (16, 17). High
resolution esophageal manometry (HRM) showed a markedly
reduced pressure of the upper esophageal sphincter with
extended relaxation and recovery time and an amotile tubular
esophagus. Functional dysphagia severity according to the
FOIS-Score was 1 (18). Basic laboratory and CSF diagnostics
were normal (no cytalbuminary dissociation, normal CK-blood
level). CSF-screening for ganglioside antibodies was negative
(Ganglioside Profile 2 IgG and IgM Euroline, Euroimmun;
Lübeck, Germany). Whole body muscle MRI was unremarkable
without edema or atrophy. The electroneurographic examination
detected a length-dependent, axonal, sensitive polyneuropathy
as incidental finding. Repetitive stimulation of the n. facialis
on both sides with recording from the m. nasalis revealed
no decrement. Repetitive stimulation of the n. ulnaris on the
left side with recording from the m. abductor digiti minimi
before and after 1-min maximum arbitrary innervation revealed
no increment. In the electromyographic examination, isolated
chronic neurological changes of the right hand muscles, but
otherwise inconspicuous findings were observed (m. deltoideus
on both sides: no pathological spontaneous activity, motor
unit potential normally configurated, regular recruitment, dense

interference; m. abductor pollicis brevis on both sides: no
pathological spontaneous activity, motor unit potential on
the right side partly with high amplitude, recruitment and
interference on the right side slightly reduced; m. abductor
digiti minimi on both sides: no pathological spontaneous
activity, motor unit potential on the right side partly with high
amplitude, recruitment and interference on the right side slightly
reduced; m. vastus on both sides: no pathological spontaneous
activity, motor unit potential normally configurated, regular
recruitment, dense interference; m. tibialis anterior on both
sides: no pathological spontaneous activity, motor unit potential
normally configurated, regular recruitment, dense interference;
paravertebral T8 on both sides: no pathological spontaneous
activity; m. glossus on the left side: no pathological spontaneous
activity). The antibody screening was positive for Jo-1 IgG
(++) and negative for the other screened autoantibodies
(ANA, Mi-2a, Mi-2b, TIF1g, MDA5, NXP2, SAE1, Ku, PM100,
PM75, SRP, PL-7, PL-12, EJ, OJ, Ro52, Euroline, Euroimmun,
Lübeck, Germany, and anti-HMG-CoA, MVZ Labor Volkmann,
Karlsruhe, Germany). Also, no myasthenia antibodies could be
detected (negative for AChR, titin, MuSK, and VGCC, Euroline,
Euroimmun, Lübeck, Germany). Although the role of Jo-1-IgG
in the pathophysiology of myositis is poorly understood, it is a
highly reliable marker for idiopathic inflammatory myopathies
(19). In the absence of signs for other diseases, this led to
the diagnosis of Jo-1 associated myositis as underlying disease.
Body plethysmography and x-ray-chest revealed no indication of
pulmonary involvement.

Therapy
A PEG tube was placed to ensure sufficient enteral nutrition.
In addition, an intravenous cortisone therapy with 1 g
methylprednisolone per day for 5 days followed by oral
therapy with prednisolone and azathioprine was performed.
After 4 months of therapy the swallowing function improved,
and FEES showed a reduction in penetration and aspiration
frequency and severity, lower levels of penetration and aspiration
volume, and a more effective bolus clearance. The FOIS-scale
had improved from 1 on admission to 3, so that a reinstitution
of oral feeding parallel to the PEG nutrition was recommended
(18). This improvement sustained in the long term (currently 12
months after beginning of therapy).

DISCUSSION

There are only few studies that investigated the
pathophysiological characteristics of myositis related dysphagia.
Ebert et al. claimed that myositis mainly affects the proximal
esophageal skeletal muscle. They reported decreased upper
sphincter pressure and absent pharyngeal contractions
in manometry (3). Casal-Dominguez et al. also reported
decreased upper esophageal sphincter pressure and failed
waves in patients with polymyositis (20). Ertekin et al. showed
that myositis mainly leads to pharyngeal dysphagia with
prolonged phase of pharyngeal swallowing and weakness
of the striated oropharyngeal muscles. Contrary to other
manometry studies, they found that the cricopharyngeal
sphincter was affected less frequently and showed both
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FIGURE 1 | (A) Postdeglutitive residue of pudding; (B) Aspiration of pudding; (C) Weak white-out as sign for reduced pharyngeal contractility; (D) Postdeglutitive

residue of bread.

hyporeflexic and hyperreflexic states in myositis (2). In a
study using VFSS, Langdon et al. reported delayed swallowing
initiation, decreased hyolaryngeal excursion, pyriform residue
and penetration (5). Consistent with these findings, Oh et al.
also described impaired laryngeal elevation, pharyngeal pooling,
disturbed tongue retraction and abnormal cricopharyngeal
function (1).

Whether inflammatorymyopathies constitute a homogeneous

pathophysiological pathophysiological dysphagia entity

or specific sub forms e.g., inclusion body myositis,

dermatomyositis, and antisynthetase syndrome show their
own specific pathophysiological characteristics largely remains

an open question. Oh et al. did not find differences between

inclusion body myositis, dermatomyositis, and polymyositis

in VFSS findings (1). Casal-Dominguez et al. report that

antisynthetase syndrome is associated with decreased and

hypotonic lower esophageal sphincter pressure and conclude
that the autoimmune reaction of this specific myositis
entity may affect the smooth muscle of the esophageal
body in particular and cause impairment in the lower
esophageal sphincter (20). Inclusion body myositis seems
to be rather associated with an increased pressure of the
upper esophagus sphincter due to a relaxation deficit (21, 22)
which manifests as pharyngeal muscle propulsion between
C3 and C7 in VFSS (21). Typical findings of instrumental

TABLE 1 | Typical signs for myositis in instrumental dysphagia assessment.

Flexible Endoscopic Evaluation of Swallowing:

• Reduced pharyngeal contractility (pharyngeal squeeze

maneuver)

• Weak white-out

• Pharyngeal residue

• Postdeglutitive penetration/aspiration

Videofluoroscopy:

• Decreased hyolaryngeal elevation

• Pharyngeal muscle propulsions at C3-C7

• Impairment of the upper or lower esophagus sphincter

• Pharyngeal residue

• Postdeglutitive penetration/aspiration

High Resolution Manometry:

• Impairment of the upper or lower esophagus sphincter

Signs that are specific to one diagnostic procedure are printed in italics.

dysphagia assessment that may indicate myositis are shown
in Table 1.

Here, to our knowledge we present the first ever reported
case of isolated dysphagia due to Jo-1 associated myositis: we
found pharyngeal dysphagia with impairment of the upper
esophagus similar to the impairment pattern commonly
described in myositis. This case demonstrates that not
only the smooth esophageal muscle (20) but also the
striated muscle of the pharynx and upper esophagus can
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be affected by the Jo-1 associated autoimmune reaction.
Based on our case report, we therefore recommend that
myositis focused diagnostics including an autoantibody
panel should be done in patients with unclear dysphagia
that show typical sings for myositis in the instrumental
dysphagia assessment.

LIMITATIONS

There are only few studies that investigated the
pathophysiological characteristics of myositis related dysphagia.
The pathophysiological conclusions in this study must therefore
be considered cautiously. According to the EULAR criteria,
the probability of myositis in a patient with dysphagia and
detection of Jo-1 antibodies is 80% (11). Myositis is therefore
only the probable underlying disease. Since no muscle biopsy
was performed, other diseases e.g., atypical IBM cannot be ruled
out with certainty.

DATA AVAILABILITY

The raw data supporting the conclusions of this manuscript will
be made available by the authors, without undue reservation, to
any qualified researcher.

ETHICS STATEMENT

Written and informed consent for this case report and the
related data and images was obtained by the patient prior
to publication.

AUTHOR CONTRIBUTIONS

BL and TW were responsible for the preparation and conceptual
design of the manuscript. TR was responsible for advising on
antibody diagnostics. SA was responsible for the coordination
and realization of the FEES examination. All other authors (PM,
SS-K, and RD) were involved in the preparation and editing of
the manuscript.

FUNDING

We acknowledge support from the Open Access Publication
Fund of the University of Muenster.

ACKNOWLEDGMENTS

We are very grateful to the patient for giving his consent to the
publication of this case report.

REFERENCES

1. Oh TH, Brumfield KA, Hoskin TL, Stolp KA, Murray JA, Bassford JR.

Dysphagia in inflammatory myopathy: Clinical characteristics, treatment

strategies, and outcome in 62 patients. Mayo Clin Proc. (2007) 82:441–7.

doi: 10.4065/82.4.441

2. Ertekin C, Secil Y, Yuceyar N, Aydogdu I. Oropharyngeal dysphagia

in polymyositis/dermatomyositis. Clin Neurol Neurosurg. (2004) 107:32–7.

doi: 10.1016/j.clineuro.2004.02.024

3. Ebert EC. Review article: the gastrointestinal complications

of myositis. Aliment Pharmacol Ther. (2010) 31:359–65.

doi: 10.1111/j.1365-2036.2009.04190.x

4. Marie I, Hatron PY, Levesque H, Hachulla E, Hellot MF, Michon-Pasturel U,

et al. Influence of age on characteristics of polymyositis and dermatomyositis

in adults.Medicine. (1999) 78:139–47.

5. Langdon PC, Mulcahy K, Shepherd KL, Low VH, Mastaglia FL.

Pharyngeal dysphagia in inflammatory muscle diseases resulting

from impaired suprahyoid musculature. Dysphagia. (2012) 27:408–17.

doi: 10.1007/s00455-011-9384-7

6. Mulcahy KP, Langdon PC, Mastaglia F. Dysphagia in inflammatory

myopathy: self-report, incidence, and prevalence. Dysphagia. (2012) 27:64–9.

doi: 10.1007/s00455-011-9338-0

7. Lynn SJ, Sawyers SM, Moller PW, O’Donnell JL, Chapman PT. Adult-onset

inflammatory myopathy: North Canterbury experience 1989-2001. Intern

Med J. (2005) 35:170–3. doi: 10.1111/j.1445-5994.2004.00764.x

8. Olive M, Villanueva P, Ferrer I, Montero J, Martinez-Matos JA. Dysphagia

as the only manifestation of inclusion body myositis. Neurologia. (1994)

9:202–3.

9. Shapiro J, Martin S, DeGirolami U, Goyal R. Inflammatory myopathy causing

pharyngeal dysphagia: a new entity. Ann Otol Rhinol Laryngol. (1996)

105:331–5. doi: 10.1177/000348949610500501

10. Williams RB, Grehan MJ, Hersch M, Andre J, Cook IJ. Biomechanics,

diagnosis, and treatment outcome in inflammatory myopathy presenting

as oropharyngeal dysphagia. Gut. (2003) 52:471–8. doi: 10.1136/gut.

52.4.471

11. Lundberg IE, Tjarnlund A, Bottai M, Werth VP, Pilkington C, Visser

M, et al. 2017 European League Against Rheumatism/American

College of Rheumatology classification criteria for adult and juvenile

idiopathic inflammatory myopathies and their major subgroups. Ann

Rheumat Dis. (2017) 76:1955–64. doi: 10.1136/annrheumdis-2017-

211468

12. Mariampillai K, Granger B, Amelin D, Guiguet M, Hachulla E,

Maurier F, et al. Development of a new classification system for

idiopathic inflammatory myopathies based on clinical manifestations

and myositis-specific autoantibodies. JAMA Neurol. (2018) 75:1528–37.

doi: 10.1001/jamaneurol.2018.2598

13. Neubauer PD, Rademaker AW, Leder SB. The yale pharyngeal residue severity

rating scale: an anatomically defined and image-based tool. Dysphagia. (2015)

30:521–8. doi: 10.1007/s00455-015-9631-4

14. Warnecke T, Teismann I, Zimmermann J, Oelenberg S, Ringelstein

EB, Dziewas R. Fiberoptic endoscopic evaluation of swallowing

with simultaneous Tensilon application in diagnosis and therapy of

myasthenia gravis. J Neurol. (2008) 255:224–30. doi: 10.1007/s00415-008-

0664-6

15. Im S, Suntrup-Krueger S, Colbow S, Sauer S, Claus I, Meuth SG, et

al. Reliability and main findings of the flexible endoscopic evaluation of

swallowing-Tensilon test in patients with myasthenia gravis and dysphagia.

Eur J Neurol. (2018) 25:1235–42. doi: 10.1111/ene.13688

16. Hey C, Pluschinski P, Zaretsky Y, Almahameed A, Hirth D, Vaerst B, et

al. Penetration-Aspiration Scale according to Rosenbek. Validation of the

German version for endoscopic dysphagia diagnostics. HNO. (2014) 62:276–

81. doi: 10.1007/s00106-013-2815-z

17. Rosenbek JC, Robbins JA, Roecker EB, Coyle JL, Wood JL. A penetration-

aspiration scale. Dysphagia. (1996) 11:93–8.

18. Crary MA, Mann GDC, Groher ME. Initial psychometric assessment of a

functional oral intake scale for dysphagia in stroke patients. Arch Phys Med

Rehabil. (2005) 86:1516–20. doi: 10.1016/j.apmr.2004.11.049

19. Zampieri S, Ghirardello A, Iaccarino L, Tarricone E, Gambari

PF, Doria A. Anti-Jo-1 antibodies. Autoimmunity. (2005) 38:73–8.

doi: 10.1080/08916930400022640

Frontiers in Neurology | www.frontiersin.org 4 July 2019 | Volume 10 | Article 739328

https://doi.org/10.4065/82.4.441
https://doi.org/10.1016/j.clineuro.2004.02.024
https://doi.org/10.1111/j.1365-2036.2009.04190.x
https://doi.org/10.1007/s00455-011-9384-7
https://doi.org/10.1007/s00455-011-9338-0
https://doi.org/10.1111/j.1445-5994.2004.00764.x
https://doi.org/10.1177/000348949610500501
https://doi.org/10.1136/gut.52.4.471
https://doi.org/10.1136/annrheumdis-2017-211468
https://doi.org/10.1001/jamaneurol.2018.2598
https://doi.org/10.1007/s00455-015-9631-4
https://doi.org/10.1007/s00415-008-0664-6
https://doi.org/10.1111/ene.13688
https://doi.org/10.1007/s00106-013-2815-z
https://doi.org/10.1016/j.apmr.2004.11.049
https://doi.org/10.1080/08916930400022640
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


Labeit et al. Isolated Dysphagia and Myositis

20. Casal-Dominguez M, Pinal-Fernandez I, Mego M, Accarino A, Jubany L,

Azpiroz F, et al. High-resolution manometry in patients with idiopathic

inflammatory myopathy: elevated prevalence of esophageal involvement and

differences according to autoantibody status and clinical subset.Muscle Nerve.

(2017) 56:386–92. doi: 10.1002/mus.25507

21. Murata K-Y, Kouda K, Tajima F, Kondo T. A dysphagia study in patients

with sporadic inclusion body myositis (s-IBM). Neurol Sci. (2012) 33:765–70.

doi: 10.1007/s10072-011-0814-y

22. Riminton DS, Chambers ST, Parkin PJ, Pollock M, Donaldson IM.

Inclusion body myositis presenting solely as dysphagia. Neurology. (1993)

43:1241–3.

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2019 Labeit, Muhle, Suntrup-Krueger, Ahring, Ruck, Dziewas and

Warnecke. This is an open-access article distributed under the terms of the Creative

Commons Attribution License (CC BY). The use, distribution or reproduction in

other forums is permitted, provided the original author(s) and the copyright owner(s)

are credited and that the original publication in this journal is cited, in accordance

with accepted academic practice. No use, distribution or reproduction is permitted

which does not comply with these terms.

Frontiers in Neurology | www.frontiersin.org 5 July 2019 | Volume 10 | Article 739329

https://doi.org/10.1002/mus.25507
https://doi.org/10.1007/s10072-011-0814-y
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles


ORIGINAL RESEARCH
published: 11 July 2019

doi: 10.3389/fimmu.2019.01600

Frontiers in Immunology | www.frontiersin.org 1 July 2019 | Volume 10 | Article 1600

Edited by:

Tobias Ruck,

University of Münster, Germany

Reviewed by:

André Huss,

University of Ulm, Germany

Ernestina Santos,

Centro Hospitalar do Porto, Portugal

*Correspondence:

Thomas Skripuletz

skripuletz.thomas@mh-hannover.de

Specialty section:

This article was submitted to

Multiple Sclerosis and

Neuroimmunology,

a section of the journal

Frontiers in Immunology

Received: 02 January 2019

Accepted: 26 June 2019

Published: 11 July 2019

Citation:

Seeliger T, Prenzler NK, Gingele S,

Seeliger B, Körner S, Thiele T,

Bönig L, Sühs K-W, Witte T, Stangel M

and Skripuletz T (2019)

Neuro-Sjögren: Peripheral Neuropathy

With Limb Weakness in Sjögren’s

Syndrome. Front. Immunol. 10:1600.

doi: 10.3389/fimmu.2019.01600

Neuro-Sjögren: Peripheral
Neuropathy With Limb Weakness in
Sjögren’s Syndrome

Tabea Seeliger 1, Nils K. Prenzler 2, Stefan Gingele 1, Benjamin Seeliger 3, Sonja Körner 1,

Thea Thiele 4, Lena Bönig 1, Kurt-Wolfram Sühs 1, Torsten Witte 4, Martin Stangel 1 and

Thomas Skripuletz 1*

1Department of Neurology, Hanover Medical School, Hanover, Germany, 2Department of Otolaryngology, Hanover Medical

School, Hanover, Germany, 3Department of Respiratory Medicine, Hanover Medical School, Hanover, Germany,
4Department of Clinical Immunology and Rheumatology, Hanover Medical School, Hanover, Germany

Objective: Sjögren’s syndrome is a heterogeneous inflammatory disorder frequently

involving peripheral nerves with a wide spectrum of sensory modalities and distribution

patterns. The objective of this cross-sectional study was to determine characteristics of

Sjögren’s syndrome as a cause for severe neuropathy with limb weakness.

Methods: One hundred and eighty four patients with polyneuropathy associated

with limb weakness underwent routine diagnostics including investigations for Sjögren’s

syndrome. Forty-four patients with Sjögren’s syndrome (ACR-EULAR classification

criteria) and severe neuropathy were identified.

Results: Sjögren’s syndrome was found at a median age of 63 years and the gender

distribution showed a balanced female-male ratio of 1:1. Anti-SSA(Ro) antibodies were

detected in 48% while seronegative patients were diagnosed with Sjögren’s syndrome

based on sialadenitis on minor salivary gland biopsy with a focus score ≥1. The

majority of patients (93%) were diagnosed with Sjögren’s syndrome after neurological

symptoms appeared. Limbs were symmetrically involved in 84% of patients (57%

tetraparesis, 27% paraparesis). Sensory function was not affected in 11% of patients

indicating that Sjögren’s syndrome associated neuropathy can present as a pure motor

syndrome. Electrophysiological measurements did not reveal pathognomonic findings

(23% demyelinating pattern, 36% axonal pattern, 41% both demyelinating and axonal

damage signs). More than half of our patients fulfilled the European Federation of

Neurological Societies (EFNS) diagnostic criteria for CIDP indicating that distinction

between Neuro-Sjögren and other causes of neuropathy such as CIDP is challenging.

Interpretation: Our findings show that severe neuropathy with limb weakness is often

associated with Sjögren’s syndrome. This is of great importance in identifying and

understanding the causes of immune mediated polyneuropathy.

Keywords: Sjögren’s syndrome, Neuro-Sjögren, neuropathy, chronic inflammatory demyelinating polyneuropathy,

motoneuron disease
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INTRODUCTION

Sjögren’s syndrome has been described as an inflammatory
disease of salivary and lacrimal glands characterized
by typical sicca symptoms of dry mouth and eyes and
lymphocytic infiltration of glandular tissues (1). Extraglandular
manifestations are common and include inflammation of joints,
skin, kidney, heart, lung, and intestines (2). Inflammation of the
nervous system represents another complication of Sjögren’s
syndrome. Involvement of peripheral nerves predominantly
presents with sensory neuropathy and a wide spectrum
of sensory modalities and distribution patterns (3). Motor
impairment due to neuropathy has not been widely recognized
until now in patients with Sjögren’s syndrome (3, 4). However,
this severe complication of Sjögren’s syndrome with fulminant
development of limb weakness but favorable outcome after
immunosuppressive therapy was described in several case
reports (5–9). Since the prevalence of peripheral neuropathy
associated with Sjögren’s syndrome increases with age (10),
underestimation of paralysis as a neurologic complication of
Sjögren’s syndrome is a great risk. Patients presenting with
limb weakness as a main complaint of polyneuropathy are
predominantly treated in neurological departments, where a
potentially causal Sjögren’s syndrome may not be routinely
investigated. Since Sjögren’s syndrome is usually diagnosed
in immunological departments, rheumatologists are more
familiar with this rare autoimmune disease than neurologists.
In order to define this entity in detail, we assessed the clinical
picture of Sjögren’s syndrome patients with neuropathy and
motor dysfunction to facilitate diagnostic approaches and
treatment eligibility.

METHODS

Patient Selection and Disability Scoring
Analyses were performed from patients treated as inpatients at
the Department of Neurology of the Hannover Medical School
between 10/2015 and 02/2018. Patients were included when there
were symptoms and signs of a severe progressive symmetric
or asymmetric peripheral neuropathy. This was defined by
obligatory objective limb weakness and electrophysiological
impairment (demyelination and/or axonal damage) of more
than one peripheral nerve. Patients with isolated sensory deficits
and patients with confirmed or highly suspected additional
central nervous system manifestation were excluded from the
analysis. Patients with suggested infectious, toxic, metabolic,
amyloid, or paraneoplastic neuropathy were excluded. In case of
paraproteinemia investigation for hematologic malignancy was
performed. Overall, 184 patients with severe polyneuropathy
associated with limb weakness underwent routine diagnostics
including investigation for Sjögren’s syndrome as a possible
cause, and 44 of these 184 patients fulfilled the ACR-EULAR-
classification criteria for Sjögren’s syndrome. Patients with a
marked bilateral difference of upper or lower extremities in
strength (two or more Medical Research Council grades) or
sensory function were defined as having an asymmetric form
of peripheral neuropathy. Patients’ disability was graded by

FIGURE 1 | Diagnostic approach for evaluation of Sjögren’s syndrome in

patients with polyneuropathy.

the overall disability sum score [ODSS], ranging from 0 (no
signs of disability) to 12 (maximum disability comprising severe
symptoms in both arms preventing all purposeful movements
and implying restriction to wheelchair or bed most of the
day) (11, 12).

Sjögren’s Syndrome Classification Criteria
The ACR-EULAR classification criteria for Sjögren’s syndrome
(13) were reappraised for every patient. As suggested, patients
were only eligible to classification if they stated at least one
symptom of ocular or oral dryness (defined as recurrent sensation
of dry eyes for at least 3 months, use of tear substitute >3
times daily, daily experience of a dry mouth and the need of
liquids while swallowing). Classification of Sjögren’s syndrome
was performed when summing up the weights of the following
items resulted in a score of≥4: labial minor salivary gland biopsy
with focal lymphocytic sialadenitis and focus score ≥1 (3, 14),
positive anti-SSA(Ro) antibodies (3), Schirmer test≤5mm/5min
on at least one eye (1), ocular staining score ≥5 on at least one
eye (1), and unstimulated whole saliva flow rate ≤ 0.1 ml/min
(1). According to the recommendations, a history of head and
neck radiation treatment, active hepatitis C infection, acquired
immunodeficiency syndrome, sarcoidosis, amyloidosis, graft vs.
host disease, and IgG4-related diseases were ruled out.

All patients underwent laboratory testing for anti-SSA(Ro)-
antibodies. Tear production was investigated by the Schirmer
test, while saliva production was examined by the Saxon test (15).
Minor salivary gland biopsy was performed in 41/44 patients.
The other 3 patients refused minor salivary gland biopsy. The
diagnostic work-up is illustrated in Figure 1.

Cerebrospinal Fluid (CSF) and Laboratory

Data
CSF and serum were analyzed by routine methods (4, 16).
CSF leukocytes were counted manually with a Fuchs-Rosenthal
chamber and >4 cells/µl were designated as elevated. CSF total
protein (cut off = 500 mg/L) was determined by a Bradford
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dye-binding procedure. Albumin, IgG, IgA, and IgM were
examined in serum and CSF in the same assay by kinetic
nephelometry (Beckman Coulter IMMAGE). The blood-CSF
barrier dysfunction was defined as CSF/serum albumin quotients
(Qalbumin) higher than the age-adjusted upper reference limit of
Qalbumin which was calculated [Qalbumin = (age in years/15)
+ 4] (17). CSF specific oligoclonal bands were determined
by isoelectric focusing in polyacrylamide gels with consecutive
silver staining. Anti-Ro antibodies were measured by EliA
(ThermoScientific), Rheumatoid Factor was measured by laser
nephelometry (Siemens BN ProSpec), and α-Fodrin IgA and
IgG were measured by enzyme-linked immunosorbent assay
(ELISA, Aesku.Diagnostics).

Nerve Conduction Studies
Standardized electrophysiological diagnostics were performed by
using superficial stimulators and recording electrodes according
to the recommendations of the International Federation of
Clinical Neurophysiology (18). Nerve conduction studies were
performed on median, ulnar, peroneal, tibial, and sural nerves
depending on the clinical manifestation. Evident polyneuropathy
was classified as primarily axonal, primarily demyelinating, or
mixed axonal and demyelinating. Classification was assigned
depending on signs of the respective damage mechanism in the
majority of nerves (Supplementary Table 1). The first available
neurographic analyses were considered in order to identify the
primary damage mechanism. In addition, diagnostic criteria
for chronic inflammatory demyelinating polyneuropathy (CIDP)
were reappraised for every patient (19).

Statistical Analysis and Data Collection
Descriptive statistics were assessed using (SPSS V24, IBM,
USA). Data was analyzed for normal distribution by Shapiro
Wilk test. Where normal distribution was not present, non-
parametric data were stated as median and range. Data were
collected and documented anonymously. Missing values were
descriptively handled.

Ethical Approval
The investigation was approved by the local ethics committee
of the Hannover Medical School (8172_BO_K_2018). This is
a retrospective study and only data were included that were
evaluated for patient’s treatment.

RESULTS

Patient’s Characteristics
Forty-four patients (50% women) were included in the analysis
with a median age of 63 years (range: 31–84 years) at
confirmation of Sjögren’s syndrome. Detailed information about
the baseline criteria are displayed in Table 1. Female patients
presented with a median age of 60 years (range: 45–81 years),
and male patients with a median age of 72 years (range: 31–
84 years). The median duration between onset of neurological
symptoms suggesting peripheral neuropathy and diagnosis of
Sjögren’s syndrome was 59 months (range 1–231 months).

TABLE 1 | Baseline characteristics, ACR/EULAR classification criteria and patient

history data.

Sjögren’s

syndrome

(included patients)

No Sjögren’s

syndrome

(excluded patients)

Females, n (%) 22/44 (50%) 40/140 (59%)

Age (median) at time of Sjögren’s

syndrome diagnosis

All patients, years (range) 63 (31–84) –

Females, years (range) 60 (45–81) –

Males, years (range) 72 (31–84) –

ACR/EULAR classification criteria for

Sjögren’ syndrome

Evident xerophthalmia, n (%) 40/44 (91%) 59/140 (42%)

Evident xerostomia, n (%) 18/44 (41%) 31/140 (22%)

Ro-antibody positive, n (%) 21/44 (48%) 0/140 (0%)

Sialadenitis with a focus score ≥1,

n (%)

31/41 (76%) 0/69 (0%)

Diagnosis of Sjögren’s Syndrome
Objective xerophthalmia was identified in all but 4 patients
(91%), while 18 patients (41%) showed objective xerostomia.
Anti-SSA(Ro) antibodies were present in 21 patients (48%).
Minor salivary gland biopsy was performed in all but 3 patients.
Sialadenitis with a focus score ≥1 was found in 31/41 patients
(76%). The ACR sum score was calculated as 4 in 25/44 patients
(57%), as 5 in 11/44 patients (25%), as 7 in 5/44 patients (11%),
and as 8 in 3/44 patients (7%).

Serological analysis of parameters outside the ACR-EULAR
classification criteria for Sjögren’s syndrome (13) revealed an
elevated ANA titer (≥1:320) in 23 patients (52%). Rheumatoid
factor was found in 7 patients (16%)—in 4 patients combined
with anti-SSA(Ro) antibodies. Positive α-Fodrin antibodies
occurred in 11 patients (25%)—in 8 combined with antibodies
against SSA(Ro). In total, 34 patients (77%) showed either
antibodies against anti-SSA(Ro) and/or α-Fodrin, ANA with a
titer ≥1:320, or positive rheumatoid factor.

Antibodies against SSA(Ro) were not found in patients who
were not diagnosed with Sjögren’s syndrome and therefore
excluded from further detailed analyses (n = 140). Positive α-
Fodrin antibodies occurred in 19% of these patients while 4% of
patients without Sjögren’s syndrome showed positive rheumatoid
factor. Additional basic immunological results are shown in
Supplementary Table 2.

Patient’s Diagnoses Preceding Diagnosis

of Sjögren’s Syndrome
Sjögren’s syndrome was mostly (41/44; 93%) diagnosed after
neurological symptoms had developed. At presentation to
our department, 5 patients (11%) received primary workup
leading to the diagnosis of peripheral neuropathy and Sjögren’s
syndrome. The other 39 patients (89%) had previously been
diagnosed with neuropathy not associated with Sjögren’s
syndrome. Preceding diagnoses were polyneuropathy of
unknown origin in 14 cases (36%), primary CIDP in 11 cases
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FIGURE 2 | (A) Neuropathy diagnoses prior to Sjögren’s syndrome diagnosis.

(B) Distribution of electrophysiological damage pattern at initial neurographic

analysis.

(28%), paraproteinaemia associated polyneuropathy in 4 cases
(10%), multifocal motor neuropathy (MMN) in 3 cases (8%),
Guillain Barré Syndrome in 3 cases (8%), motoneuron disease
in 2 cases (5%), and multifocal acquired demyelinating sensory
and motor neuropathy (MADSAM) in 2 cases (5%) (Figure 2A).
Motoneuron disease had been suspected in 5 cases throughout
patient’s history.

Patient’s Initial Symptoms and Disease

Course
Initial symptoms were reported mainly as paraesthesia (17
cases, 39%), weakness (11 cases, 25%), combination of both (6
cases, 14%), and unspecified gait disturbance (5 cases, 11%).
Two patients initially presented with muscle cramps (5%) and
the remaining 3 patients initially complained about bladder
dysfunction, dyspnoea and facial palsy (each n = 1). The
findings are specified in Table 2. All patients developed weakness
of extremities throughout disease course. In addition, cranial
nerve involvement occurred in 18 patients (41%) with detailed
symptoms described in Table 3. Involuntary muscle contractions
were reported in 17 cases (32%). Persistent bladder dysfunction
was found in 9 cases (20%).

Five patients (11%) showed an acute disease course and
developed weakness of extremities within days. In those cases,

TABLE 2 | Initial symptoms of Sjögren’s syndrome.

Paraesthesia (isolated), n (%) 17 (39%)

Pareasthesia with paresis, n (%) 6 (14%)

Paresis (isolated), n (%) 11 (25%)

Gait disturbance, n (%) 5 (11%)

Muscle cramps, n (%) 2 (5%)

Bladder dysfunction, n (%) 1 (2%)

Dyspnoea, n (%) 1 (2%)

Facial palsy, n (%) 1 (2%)

TABLE 3 | Cranial and phrenic nerve impairment.

Cranial and phrenic nerves affected n (%)

Cranial nerve II (anosmia) 1/44 (2.3%)

Cranial nerves III, IV, VI (oculomotor disturbance with diplopia) 2/44 (4.5%)

Cranial nerve V (trigeminal affection with sensory disturbance

and neuralgia)

6/44 (13.6%)

Cranial nerve VII (facial nerve palsy) 3/44 (6.8%)

Cranial nerve VIII (hypacusis) 8/44 (18.2%)

Cranial nerves IX, X (dysphagia, hoarseness) 6/44 (13.6%)

Phrenic nerve palsy (dyspnoea, raised diaphragm) 2/44 (4.5%)

Guillain Barré Syndrome was actively evaluated as initial
diagnosis. The remaining patients showed a chronic progressive
course of neurological symptoms, while weakness was present
at symptom onset in 39% of patients (median 1 month, range
1–130 months).

Neurological Manifestations at the Time of

Worst Documented Clinical Status (Judged

by Overall Disability Sum Score)
Weakness of extremities was present in all patients.
The most prominent muscle weakness was documented
with a median of 3 (by Medical Research Council,
range 0–4). Paralysis was distributed symmetrically in 37
patients (84%).

Tetraparesis was the predominant pattern of affected
muscles and was found in 25 cases (57%), while 12 patients
(27%) suffered from paraparesis. In patients with asymmetric
peripheral neuropathy monoparesis occurred in 4 cases
(9%) and affection of three extremities was found in
3 cases (7%).

The neurologic examination showed a functional impairment
as determined by the overall disability sum score [ODSS] of 3.5
(range 0–12).

Sensory dysfunction was reported by 39 patients (89%).
Sensory symptoms occurred symmetrically and showed a
stocking- and/ or glove-like distribution in 34 patients (87%).
Sensations were reported as pain in 12 cases (31%), numbness
or tingle paraesthesia in 35 cases (90%), and dysfunctional
proprioception in 32 cases (82%). The full workup is detailed
in Table 4.
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TABLE 4 | Neurologic findings in worst examination (judged by ODSS).

Sensory dysfunction, n (%) 39/44 (89%)

Distribution

Symmetrical, n (%) 34/39 (87%)

Stocking-/glove like, n (%) 34/39 (87%)

Quality

Numbness or prickling, n (%) 35/39 (90%)

Dysfunctional proprioception, n (%) 32/39 (82%)

Pain, n (%) 12/39 (31%)

Weakness, n (%) 44/44 (100%)

Distribution

Tetraparesis, n (%) 25/44 (57%)

Paraparesis, n (%) 12/44 (27%)

Affection of 3 extremities, n (%) 3/44 (7%)

Monoparesis, n (%) 4/44 (9%)

Most prominent muscle weakness (MRC), median (range) 3 (0–4)

ODSS, median (range) 3.5 (0–12)

Electrophysiological Findings
Nerve conduction examinations demonstrated
impairment of motor nerves in all patients and
impairment of sensory nerves in 39 patients (89%) with
Sjögren’s syndrome.

Nerve damage was classified as predominantly axonal in
16 cases (36%), predominantly demyelinating in 10 cases
(23%), and mixed axonal and demyelinating in 18 patients
(41%) (Figure 2B).

Evaluation of the electrodiagnostic criteria for a
hypothetical diagnosis of CIDP as suggested by the
EFNS classification criteria revealed definite CIDP in 23
patients (52%) and probable CIDP in 4 patients (9%) with
Sjögren’s syndrome.

In addition, patients who were not diagnosed with Sjögren’s
syndrome and therefore excluded from further analyses (n
= 140) were evaluated for a hypothetical CIDP. The EFNS
criteria suggested definite CIDP in 73 of these patients (52%),
probable CIDP in 6 patients (4%), and possible CIDP in
4 patients (3%).

Cerebrospinal Fluid Findings
Inflammatory CSF findings were only rarely found in patients
with peripheral neuropathy associated with Sjögren’s syndrome.
Four patients (9%) showed a slightly elevated cell count
of 8, 10, 13, and 21 cells/µl (Figure 3). Total CSF protein
was increased in 20 patients (51%). Blood-CSF barrier
dysfunction (Qalbumin) was evident in 18 patients (46%).
Barrier dysfunction was severe in 3 cases andmild to moderate in
15 cases. All but one patient had normal lactate concentrations.
Quantitative intrathecal synthesis of IgG (Reiber graphs)
was found in 2 patients (5%). IgM or IgA synthesis did
not occur. Oligoclonal bands restricted to the CSF (type 2
and 3) indicating intrathecal IgG synthesis were found in 3
patients (7%).

Therapeutic Profiles in Patients With

Peripheral Neuropathy and Sjögren’s

Syndrome
Immunomodulatory therapy led to clinical benefit in 97% (32/33)
of patients that attended follow-up evaluation (n = 33). The
remaining 11 patients were lost to follow-up. All patients received
multiple therapeutic regimes throughout disease course, resulting
in a total of 113 treatment regimes with follow-up evaluation
in 81 cases (72%). Changes in therapeutic regime (0–4 changes
per patient) were made due to disease progression in 21 cases
(31%) and adverse events in 12 cases (18%). Riluzol medication
was terminated in 4 cases (6%), after motoneuron disease was
no longer suspected. Definite clinical benefit with documented
improvement of motor function or stabilization of status quo
after previous deterioration was considered a favorable response.
Analysis of all therapeutic regimens revealed a favorable response
in 66 treatment regimens (81%) (Table 5).

DISCUSSION

This study facilitates the recognition of Sjögren’s syndrome as a
cause for severe neuropathy with limb weakness, which favorably
responds to immunosuppressive therapy. We propose to further
refer to Sjögren’s associated neuropathy as “Neuro-Sjögren.”

Severe Neuropathy as an Underestimated

Complication of Sjögren’s Syndrome
The incidence of neuropathy with fulminant development of
limb weakness in Sjögren’s syndrome is still unknown. Despite
the fact, that several cases have been reported (6, 8, 20), studies
including high numbers of patients are not available. In a
previous analysis of patients with Neuro-Sjögren presenting
to our department between 2004 and 2015, 27 patients with
polyneuropathy were described (4). However, 5 patients suffered
from neuropathy with limb weakness while the remaining 22
patients complained about sensory deficits only. We therefore
systematically investigated all patients presenting with severe
polyneuropathy and limb weakness for a possible underlying
Sjögren’s syndrome. During a time period of 2 years and 5
months 184 eligible patients received tests for xeropthalmia and
xerostomia and blood analysis for SSA(Ro) antibodies. In the
case of one pathological sign a minor salivary gland biopsy was
performed. Sjögren’s syndrome could be diagnosed in 44/184
patients (24%). This striking rise of the incidence is explained by
the implementation of routine screening for Sjögren’s syndrome
in our department and suggests that this severe complication is
frequently unrecognized.

All 44 patients featured neuropathy with limb weakness in
which motor impairment manifested symmetrically in 84% and
as tetraparesis in 57%. Sensory function was not affected in
11% of patients indicating that Sjögren’s syndrome associated
neuropathy can involve solely motor functions. Sensory
peripheral neuropathy has been recognized among patients
with Sjögren’s syndrome with reported rates of peripheral
neuropathy between 1.6 and 31% when analyzing patients
with Sjögren’s syndrome in general (21–25). However, patients
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FIGURE 3 | Distribution of cerebrospinal fluid (CSF) parameters in all study patients: (A) CSF cell counts, (B) CSF total protein, and (C) albumin quotient (CSF

albumin/serum albumin × 103). Horizontal bars indicate median values.

TABLE 5 | Therapeutic profiles administered in at least 3 patients.

Treatments Favorable response

Treatment regimens with follow up evaluation 66/81

Steroids

Methylprednisolone (intravenous) 7/8

Prednisolone (oral) 5/10

Primary non-steroid therapy

Azathioprine 6/6

Azathioprine + intravenous immunoglobulins 2/3

Mycophenolate mofetil 1/3

Intravenous immunoglobulins 22/23

Intensified therapy

Plasmapheresis 3/3

Cyclophosphamide 3/5

Rituximab 4/4

Rituximab + intravenous immunoglobulins 4/4

with limb weakness were not included or characterization of
neuropathy was not performed in these previous cohorts. This
might be explained by the fact, that Sjögren’s syndrome is
not an established diagnosis as a cause of motor impairment
in severe polyneuropathy. Patients with sicca symptoms
and suspected Sjögren’s syndrome are usually referred to
rheumatological departments, where diagnosis is reappraised
and associated neuropathic complaints are further evaluated.
Neuropathy, however, often precedes the development of sicca
syndrome (26), rendering the recognition of Sjögren’s syndrome
during early stages of the disease course nearly impossible.
Furthermore, patients presenting with limb weakness as a chief
complaint of neuropathy are rather treated in neurological
departments, where a potentially causal Sjögren’s syndrome is
not routinely investigated.

Another contributing factor to the underestimation of Neuro-
Sjögren might be the proposition of other causes of neuropathy
in neglect of Neuro-Sjögren’s diagnosis. Most of our patients
had been diagnosed with other entities for a long time, without
re-evaluating the validity of the diagnosis in the course of time.

Many had received perpetual treatment mainly with intravenous
immunoglobulins with short-term clinical benefit and long-term
deterioration of symptoms. Some of these patients were thought
to suffer from an atypical CIDP. Five patients had even been
diagnosed with motoneuron disease until the atypical course
prompted re-evaluation of diagnoses.

Clinical Characteristics of Neuro-Sjögren

or “Who to Look Out For?”
The gender distribution showed a balanced male-female ratio
of 1:1 in our cohort, whereas Sjögren’s syndrome in general
has a female predominance between 6:1 and 20:1 (27–29). The
discrepancy in gender distribution might result from different
patient cohorts analyzed. Most previous studies described
patients with Sjögren’s syndrome in general and predominantly
patients with rheumatic symptoms while our cohort included
patients with neuropathy with limb weakness only. However,
there are already tendencies in previous reports that show a
shift of the gender distribution toward male patients: Sivadasan
and colleagues described a cohort of 54 patients with Sjögren’s
syndrome and neuropathy consisting of only 68.5% females (30),
and data from the French ASSESS cohort revealed 88% females
in the group with nervous system involvement compared to
95% females in the group without nervous system involvement
(31). Other possible reasons for the gender discrepancy might be
different pathomechanisms in patients with Sjögren’s syndrome
and associated organ involvement. Furthermore, progressive
paralysis is a major cause for disability and directly affects the
quality of life. Thus, the majority of such patients, independent
if male or female, undergo a diagnostic work-up, which might
be a reason for the balanced male-female distribution. However,
additional investigations including larger cohorts of patients
are needed to confirm our results. The onset of symptoms
was reported at a median age of 63 years and limb weakness
was among the initial symptoms in most cases. Limbs were
symmetrically involved in 84% of patients and led to a
median ODSS of 3.5. Additional sensory symptoms matched
the typical signs of polyneuropathy with a mostly stocking- or
glove-like-distribution. Symptoms developed rarely within days
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(11% of patients). In these cases, Guillain Barré syndrome was
considered the most likely differential diagnosis and treatment
with immunoglobulins was initiated. Intravenous application
of immunoglobulins led to temporary improvement of all
symptoms, but longterm clinical benefit could not be achieved as
symptoms relapsed, and deteriorated over time. In the majority
of patients, limb paralysis developed over months indicating a
predominantly chronic nature of this disease. Some patients with
a pure motor dysfunction were initially misdiagnosed as having
a motoneuron disease which aligns with recent case reports
about the clinical mimicry of those two entities (6, 32, 33).
Those patients responded to immunomodulatory treatment, and
thus, the previously suspected diagnosis of motoneuron disease
was rejected.

Diagnostic Tools for Evaluation of

Neuro-Sjögren
The ACR-EULAR classification criteria were applied for all
patients. Still, not all items were equally represented in our
cohort. Objective xerophthalmia was detected in most patients
(91%), while objective xerostomia was found in less than half of
our cohort (41%). Anti-SSA(Ro)-antibodies were present in only
48% of our patients. The other 52% of patients were diagnosed
with Sjögren’s syndrome based on sufficient sialadenitis onminor
salivary gland biopsy. Antibody status alone is therefore no
criterion to rule out Sjögren’s syndrome. Furthermore, as some
patients frequently received treatments with immunoglobulins
before evaluation of antibody status, minor salivary gland biopsy
resembles the more reliable diagnostic tool, and should be
performed liberally.

Inflammatory CSF findings were rarely found and were
therefore not specific for Sjögren-associated polyneuropathy
which is in accordance with previous studies (4, 33).
Nevertheless, lumbar puncture should be performed to rule
out other autoimmune and infectious diseases.

Furthermore, electrophysiological measurements did not
reveal pathognomonic findings for Neuro-Sjögren. Every third
patient presented with a predominantly axonal damage while
every fourth patient showed a predominantly demyelinating
damage. The remaining patients revealed signs of both
demyelinating and axonal damage. Since many of these patients
were investigated in an advanced disease stage the primary
pattern remains unclear. Notably, more than half of our patients
retrospectively fulfilled the EFNS diagnostic criteria for CIDP.
However, similar results concerning a hypothetical CIDP were
found in the other 140 patients who did not fulfill the diagnostic
criteria for Sjögren’s syndrome. These results show that the EFNS
criteria are not an appropriate tool for differentiation between
CIDP and other immunologically mediated neuropathies such
as Neuro-Sjögren. Furthermore, Lozeron et al. recently described
patients with transthyretin familial amyloid polyneuropathy who
fulfilled the EFNS criteria for a CIDP although these patients did
not suffer from an immunologically mediated neuropathy (34).

Therapeutic Approaches
In our cohort, immunomodulatory therapy led to a clinical
benefit with documented improvement of motor function

or stabilization of status quo after previous progression in
most patients who visited for follow up. Consistent with
previous reports we conclude that immunomodulatory therapy
is recommendable to ensure clinical benefit for patients with
Sjögren-associated polyneuropathy. However, no therapeutic
recommendations can be made based on these data due
to a low number of patients and since treatment decisions
were very heterogeneous. Still there is a vast insecurity
concerning the choice of appropriate therapy in the absence
of clinical trials focusing on therapy of Sjögren’s syndrome
associated neuropathy.

Limitations
All data were collected from patients treated at a university
hospital resulting in a selection bias. This is not unusual
because most of these patients were treated in other neurological
clinics before and were discharged without a sufficient diagnosis
and specific treatment. However, the high number of newly
diagnosed Sjögren’s syndrome in every fourth patient with
severe neuropathy with limb weakness might be therefore
overestimated. Multicenter studies are required to reach
appropriate cohort sizes and minimize selection bias.

Outlook
During preparation of this manuscript 14 further patients with
severe neuropathy with limb weakness have been diagnosed
with Sjögren’s syndrome indicating that this disorder is more
frequent than previously assumed. Raising awareness of Neuro-
Sjögren is therefore crucial—especially in patients with severe
peripheral neuropathy.

Defining a stereotype patient for Neuro-Sjögren is challenging
as patient characteristics in terms of comorbidities and severity
of symptoms were heterogenous in our cohort. Some patients
had been treated with intravenous immunoglobulins and had
improved temporarily. Hence, further diagnostic steps were
neglected, even when symptoms relapsed, and instead the
diagnosis of an atypical CIDP was suggested. In this scenario,
the dosage of immunoglobulins was often increased which
again improved patients’ symptoms temporarily. Some of
the older patients were not treated with immunomodulatory
substances as age-associated and therefore unchangeable causes
for evident neuropathy were implied. In severe progressive
motor dysfunction with permanent dependence to wheelchair
or confinement to bed phrenic nerve paralysis and dysphagia
occurred in some patients, and thus, a motoneuron disease
was suspected. These patients improved after implementation
of immunomodulatory/immunosuppressive treatment. It is
therefore crucial to evaluate a wide variety of patients for Neuro-
Sjögren even if symptoms seem to be of fatal dimension.

CONCLUSION

Our data indicate that severe neuropathy with limb weakness
is often associated with Sjögren’s syndrome. However, there
are no pathognomonic clinical signs or electrophysiological
findings and therefore distinction between Sjögren’ syndrome
and other causes of neuropathy such as CIDP can be challenging,
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especially in early disease stages. We thus suggest performing
screening tests for Sjögren’s syndrome in all patients with
polyneuropathy and especially in those with motor dysfunction.
As neurologic manifestations frequently precede sicca symptoms
and laboratory findings (i.e., anti-SSA(Ro)-antibodies), perpetual
re-evaluation for objective xerophthalmia or xerostomia should
be performed. In case of pathological tear or saliva production,
minor salivary gland biopsy should be performed in order to
diagnose a potential Sjögren’s syndrome in time.
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