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Classification of neurological diseases using
multi-dimensional CSF analysis
Catharina C. Gross,1,† Andreas Schulte-Mecklenbeck,1,† Lohith Madireddy,2

Marc Pawlitzki,1 Christine Strippel,1 Saskia Räuber,1,‡ Julia Krämer,1 Leoni Rolfes,1

Tobias Ruck,1,‡ Carolin Beuker,1 Antje Schmidt-Pogoda,1 Lisa Lohmann,1

Tilman Schneider-Hohendorf,1 Tim Hahn,3 Nicholas Schwab,1 Jens Minnerup,1

Nico Melzer,1 Luisa Klotz,1 Sven G. Meuth,1,‡ Gerd Meyer zu Hörste,1

Sergio E. Baranzini2 and Heinz Wiendl1

†These authors contributed equally to this work.

Although CSF analysis routinely enables the diagnosis of neurological diseases, it is mainly used for the gross dis-
tinction between infectious, autoimmune inflammatory, and degenerative disorders of the CNS. To investigate,
whether a multi-dimensional cellular blood and CSF characterization can support the diagnosis of clinically simi-
lar neurological diseases, we analysed 546 patients with autoimmune neuroinflammatory, degenerative, or vascu-
lar conditions in a cross-sectional retrospective study.
By combining feature selection with dimensionality reduction and machine learning approaches we identified
pan-disease parameters that were altered across all autoimmune neuroinflammatory CNS diseases and differenti-
ated them from other neurological conditions and inter-autoimmunity classifiers that subdifferentiate variants of
CNS-directed autoimmunity.
Pan-disease as well as diseases-specific changes formed a continuum, reflecting clinical disease evolution. A valid-
ation cohort of 231 independent patients confirmed that combining multiple parameters into composite scores
can assist the classification of neurological patients.
Overall, we showed that the integrated analysis of blood and CSF parameters improves the differential diagnosis
of neurological diseases, thereby facilitating early treatment decisions.
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Introduction
Inflammatory, degenerative, and vascular disorders of the CNS af-
fect millions of people worldwide. Autoimmune neuroinflamma-
tory CNS diseases comprise a large and heterogeneous spectrum
of disorders; some diseases such as neuromyelitis optica spectrum
disorders (NMOSD)1–3 and autoimmune encephalitis (AIE)4,5 are
characterized by disease-specific (auto)antibodies, while others
such as Susac syndrome6 feature alterations in the T cell compart-
ment or alterations in both the adaptive and innate immune com-
partment, as in multiple sclerosis.7–32 Multiple sclerosis is the
most prevalent autoimmune disease of the CNS. With 2.3 million
people affected worldwide, multiple sclerosis is a paradigmatic ex-
ample of a chronic neuroinflammatory disease, comprising typical
features of CNS autoimmunity, including (i) a clinically heteroge-
neous disease course; (ii) continuous disease evolution over time;
and (iii) putative pathophysiological heterogeneity within one dis-
ease (i.e. inflammatory versus neurodegenerative components).

CSF is an ultrafiltrate of the serum surrounding and protecting
the CNS parenchyma.33 Since pathophysiological changes in the
CNS are reflected in the CSF,34 its analysis, concomitant with
radiological, (neuro-)physiological and neuropsychological exami-
nations, facilitates the diagnosis of neurological diseases.
However, CSF parameters such as total cell counts, lactate, glucose
quotient, integrity of the blood–CSF barrier, total protein and intra-
thecal immunoglobulin (Ig) synthesis enable only a gross differen-
tiation between infectious, autoimmune and degenerative CNS
disorders.35 Whether multi-dimensional cellular peripheral blood
and CSF characterization by flow cytometry can support a more
fine-grained distinction between clinically similar disease entities
remains unknown.36,37 By investigating patients with neuroin-
flammatory, degenerative, and vascular disorders (Fig. 1A), we
identified distinct cellular parameters in the peripheral blood and
CSF that can improve the classification of neurological diseases
and provide insights into shared and distinct pathophysiological
processes (Fig. 1B).

Materials and methods
Ethics statement

The study was conducted according to the Declaration of Helsinki
and approved by the ethics committee of the University of
Münster (registration nos. 2010-262-f-S, 2011-665-f-S, 2013-350-f-S,
2014-068-f-S and 2016-053-f-S). All patients provided written
informed consent.

Patient characteristics

In total, 3424 files of patients who received routine CSF diagnostics
and multi-parameter flow cytometry following our standard oper-
ating procedures between 2011 and 2019 were retrospectively
screened for the discovery cohort. From these, we selected 546
manually curated patients for the discovery cohort including: (i) 74
non-inflammatory control subjects; (ii) 282 patients with neuroin-
flammatory diseases, including 196 patients with relapsing mul-
tiple sclerosis, 15 with NMOSD, 14 with Susac syndrome and 57

with AIE; (iii) 93 patients with neurodegenerative diseases, includ-
ing 52 with amyotrophic lateral sclerosis and 41 with mild
Alzheimer’s disease; and (iv) 97 patients with ischaemic stroke, ex-
emplary of neurovascular disease (Fig. 1A and Supplementary
Table 1). In addition, we screened an additional 1448 files of
patients and identified an independent validation cohort of 231
patients [(i) 35; (ii) 32; (iii) 156; and (iv) eight] to verify the results
generated based on data from the discovery cohort (Fig. 1A and
Supplementary Table 1). All patients were treatment-naı̈ve for im-
mune-modulating drugs at the time of sampling. Patients were
diagnosed according to current guidelines37–42 by experienced neu-
rologists. Non-inflammatory controls included patients with
somatoform disorders or patients who donated CSF during the
course of spinal anaesthesia. Non-inflammatory control subjects
presented with intrathecal leucocyte counts 55 cells/ml, intra-
thecal lactate 52 mmol/l, an intact blood–CSF barrier as identified
by the age-adjusted albumin quotient, no intrathecal Ig-synthesis
according to Reiber criteria and oligoclonal band pattern type 1.43

Multiple sclerosis disease activity at the time of lumbar puncture
was defined as a clinical relapse within the preceding 4 weeks and/
or new T2 or gadolinium-enhanced lesions on brain MRI within the
preceding 12 weeks. MRI scans were performed with a field
strength of 1.5 or 3.0 T. In addition to 777 untreated patients, 105
patients with relapsing-remitting multiple sclerosis (RRMS) under
disease-modifying therapy (interferon-b n = 9, glatiramer acetate
n = 5, dimethyl fumarate n = 5, fingolimod n = 15, natalizumab
n = 41 or alemtuzumab 10–14 months post-last injection n = 30)
were included solely for Fig. 2D.

Biomaterials

CSF was collected by lumbar puncture and processed within 1 h,
simultaneously to serum collection in serum-gel tubes (Sarstedt)
and peripheral blood collection in EDTA tubes (Sarstedt). Further
details on the generation of conventional CSF data and multi-para-
metric flow cytometric data are provided in the Supplementary
material.

Data processing

By combining conventional CSF analysis with multi-parameter
flow cytometry, we obtained a total of 113 cellular and molecular
features in the peripheral blood and CSF per patient
(Supplementary Fig. 1A). To eliminate colinear features while
retaining as much information as possible, we computed pairwise
correlations using complete observations and calculated their stat-
istical significance using the corr.test function from the psych pack-
age in R3.5.2 via RStudio 1.1.442, including adjustment for multiple
comparisons using the ‘Holm’ approach (Supplementary material).
Variables showing a high absolute correlation (40.9) with statistic-
ally significant P-values (50.05) were considered to be correlated
(Supplementary Fig. 2). From the correlated variables, only one
was included in further analyses (Supplementary Table 2).
Furthermore, of the closely related biological features (e.g. CD4 + T
cells/ml and CD4 + T cells as percentage of lymphocytes), only one
was retained. Features excluded in one compartment were also
excluded in the other respective compartment (e.g. replacement of
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Figure 1 Study cohorts and conclusion. (A) Data derived from patients undergoing routine as well as flow cytometric CSF analysis were investigated to
identify factors assisting the classification of neurological diseases. The results from this discovery cohort (first n numbers) were validated in a comparable
validation cohort (second n numbers). From a total of 546/231 patients undergoing routine as well as flow cytometric CSF analysis, a group of 74/35 individ-
uals was identified as non-inflammatory controls (blue box). Furthermore, 97/8 patients with neuro-vascular (ischaemic stroke, black boxes) and 93/156
patients with neurodegenerative diseases (grey boxes, amyotrophic lateral sclerosis, n = 52/0; mild Alzheimer’s disease, n = 41/156) were included in the
study. The orange box details 282/32 patients who suffered from inflammatory (auto-)immune CNS diseases, which could be further differentiated into
patients with multiple sclerosis (MS; n = 196/22, red box), NMOSD (n = 15/0, yellow box), Susac syndrome (SuS; n = 14/0, magenta box), or AIE (n = 57/10, cyan
box). Patients with RRMS could be further divided into patients with radiologically or clinically isolated symptoms (RIC/CIS; n = 26/1), early RRMS
(436 months since onset, n = 125/21) and those in the later stages 436 months since disease onset (n = 45/0) or into patients with active (n = 142/15) or in-
active (n = 48/7) disease at the time of lumbar puncture. (B) Visualization of multi-level discrimination of neurological diseases by flow cytometric immune
profiling between (i) inflammatory autoimmune CNS diseases and other neurological diseases; (ii) RRMS and other inflammatory autoimmune CNS dis-
eases; and (iii) alteration of involved parameters during the disease course.RRMS)
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Figure 2 Identification of pan-disease parameters characterizing CNS neuroinflammation. (A) Patients from the discovery cohort under homeostatic
conditions (non-inflammatory controls, blue circle, n = 74), neurodegenerative [grey square, n = 93: amyotrophic lateral sclerosis (ALS), mild
Alzheimer’s disease (mAD)], neurovascular (red diamond, n = 97) or inflammatory autoimmune CNS disorders [inflammatory, orange triangle,
n = 229: Early RRMS including radiologically or clinically isolated syndrome (RIS/CIS), NMOSD, Susac syndrome (SuS) and AIE] were mapped based on
immunological data from the peripheral blood and CSF following dimensionality reduction with uniform manifold approximation and prediction
(UMAP). (B and C) Heat map (left) illustrating the relative changes and dot plot (right) displaying the fold changes of the nine parameters differentiating
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CD4 + T cells/ml in peripheral blood and CSF). Using this approach,
correlated parameters (r2 4 90%, P-value 5 0.05) were condensed
into a single feature for further analysis. Thereby, the number of
features was reduced to 34 (Supplementary Fig. 1A and
Supplementary Table 2). The missingness in the remaining dataset
(Supplementary Fig. 1A) was 51%. With the non-colinear varia-
bles, missing data were imputed groupwise, because observations
from different groups could differ widely across variables using
the median imputation method (Supplementary material).
Therefore, the median of each variable at each group was calcu-
lated and the missing values for that variable and group were
assigned their median value adding a tiny jitter to make these
imputed values different from each other. For categorical parame-
ters, imputed values were rounded to the next categorical value.
Intrathecal plasma cells were categorized as plasma cell positive if
there was at least one plasma cell per millilitre of CSF, since the
detection of intrathecal plasma cells per se indicates pathophysio-
logical processes and plasma cells are absent in non-pathological
controls. For machine learning approaches as well as uniform
manifold approximation and prediction (UMAP) dimensionality re-
duction, the resulting data were additionally centred and scaled
along the variables (Supplementary material) to bring all the varia-
bles to a similar scale and set the data to a normal distribution.

Composite scores

In general, composite scores assisting the differentiation of dis-
tinct pathologies on a pan-disease or inter-disease level were cre-
ated by dividing the parameters identified to be consistently
increased by parameters exhibiting reduced frequencies.
Parameters frequently taking a value of zero—e.g. categorical
parameters—were added one by one to avoid errors while preserv-
ing the information content.

Statistical analysis

Statistical analyses were performed using R3.5.2 via RStudio
1.1.442, GraphPad Prism V6.01, and Excel 2016. The tests used are
indicated in the respective figure legend. Further details on the
statistical methods associated with machine learning, UMAP, vol-
cano plots, heat maps, realignment plots, receiver operating char-
acteristic and correlation analyses are provided in the
Supplementary material.

Data availability

Data are available from the corresponding author upon reasonable
request. Information on the R codes used is available from https://
doi.org/10.17605/OSF.IO/EQRF5.

Results
To identify the soluble and cellular parameters in peripheral blood
and CSF that can improve the diagnosis of neurological diseases,
we performed a comprehensive retrospective study in a discovery
cohort of 546 patients with autoimmune neuroinflammatory, neu-
rodegenerative, neurovascular and non-inflammatory conditions
(Fig. 1A and Supplementary Table 1). Patients received no im-
mune-modulating drugs at the time of sampling. Feature selection
followed by dimensionality reduction with unsupervised cluster
analysis using UMAP44 revealed that patients with autoimmune
neuroinflammatory diseases cluster together (Fig. 2A), suggesting
that their profiles generally differ from patients with neurodege-
nerative, neurovascular and non-inflammatory conditions
(Supplementary Fig. 3). Machine learning and exploratory data
analysis identified parameters that differentiate autoimmune neu-
roinflammatory from other conditions (Supplementary Fig. 4A and
B and Supplementary Table 3). Nine of the identified parameters
were consistently altered compared with the three control cohorts
(Fig. 2B and Supplementary Table 4). These nine parameters were
further investigated to identify pan-disease parameters commonly
altered across all studied neuro-inflammatory CNS diseases. Using
this strategy, we identified cells/ml, monocytes, natural killer (NK)T
cells and B cells as pan-disease parameters in the CSF and, more
strikingly, CD56dim NK cells in the peripheral blood (Fig. 2C).
Interestingly, these pan-disease parameters were susceptible to
immune-modulating therapies (Fig. 2D). The five identified pan-
disease parameters discriminated neuro-inflammatory CNS
diseases from non-pathological controls and patients with neuro-
degenerative and neurovascular conditions with a high prediction
accuracy of 76%, i.e. correctly assigning 76% of the patients with-
out any further diagnostic information, an area under the curve
(AUC) of 85%, a specificity of 81% and a sensitivity of 70% (Fig. 2E
and Supplementary Table 3). Importantly, our strategy for the
identification of pan-inflammatory markers ensured that the val-
ues for prediction accuracy and AUC were between 84%–94% and
71%–92%, respectively, for all investigated neuro-inflammatory

Figure 2 Continued
CNS neuroinflammation (infl) from non-inflammatory controls (ctrl), neurodegenerative (deg) and neurovascular (vasc) conditions (B) as well as in
distinct inflammatory autoimmune diseases of the CNS (early RRMS including RIS/CIS, red triangle, n = 143; NMOSD, yellow triangle, n = 15; Susac
syndrome, pink triangle, n = 14; AIE, blue triangle, n = 57) in comparison to control cohorts (C). In the heat maps, red indicates the highest expression,
whereas blue indicates the lowest expression. Parameter labelling provides information on the respective compartment (peripheral blood; CSF). The
black boxes highlight the commonly altered parameters. (D) Realignment plot illustrating the change in pan neuroinflammatory parameters as a con-
sequence of first line and escalation immune therapies. The median height of each parameter was summed up and averaged as described for volcano
plots by division of the result from the subtraction of the control (non-inflammatory control, degenerative, and vascular cohort) median from the re-
spective median by the result of the subtraction of the control median from the median of treatment-naı̈ve patients with RRMS. For CD56dim NK cells
for example, controls were at 12.22%, naı̈ve RRMS at 10.55% and escalation therapies at 17.62%, resulting in (17.62%–12.22%)/(10.55%–12.22%) = –3.23,
indicating an overcompensation (50) beyond control levels. Thus, parameters overcompensated by immunotherapy [baseline therapies (green tri-
angle): interferon-b n = 9, glatiramer acetate n = 5 and dimethyl fumarate n = 5; escalation therapies (purple triangle): fingolimod n = 15, natalizumab
n = 41 and alemtuzumab (10–14 months post last injection) n = 30 are in the left part of the graph, whereas parameters with partial compensation for
neuroinflammatory alterations are in the middle. Parameters exhibiting aggravated levels more different from control cohorts than untreated RRMS
patients are represented in the right of the graph. (E) Mean and standard deviation of prediction accuracy (PA), area under the curve (AUC), specificity
(SP) and sensitivity (SE) from the top 10 combinations of up to five pan-disease parameters as calculated by logistic regression to differentiate all neu-
roinflammatory diseases from non-inflammatory controls, neurodegenerative, and neurovascular diseases. (F) Mean and standard deviation of pre-
diction accuracy and AUC for differentiating distinct neuroinflammatory CNS diseases (RRMS, NMOSD, Susac syndrome and AIE) from control
cohorts. (G) Predictive score composed by division of parameters consistently increased by parameters decreased in neuroinflammation (top).
Receiver operating characteristic (ROC) analysis (left) identified a cut-off of 2.8 distinguishing (right) patients with neuroinflammatory diseases (infl)
from non-inflammatory controls (ctrl), neurodegenerative (deg) and neurovascular (vasc) patients with an AUC of 83.5 and odds ratio (OR) of 11.34.
This composite score was verified in the validation cohort, resulting in the identification of neuroinflammatory patients with an OR of 15.45. (H) Pan
neuroinflammatory auto-immune disease parameters commonly altered in all neuroinflammatory autoimmune diseases of the CNS in comparison
with other neurological diseases as well homeostatic conditions.

Cellular CSF analysis facilitates neurological diagnosis BRAIN 2021: 144; 2625–2634 | 2629

https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awab147#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awab147#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awab147#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awab147#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awab147#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awab147#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awab147#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awab147#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awab147#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awab147#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awab147#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awab147#supplementary-data
https://academic.oup.com/brain/article-lookup/doi/10.1093/brain/awab147#supplementary-data


diseases (Fig. 2F). Alteration of the pan-disease blood parameter
CD56dim NK cells was confirmed in an independent validation co-
hort of 115 patients with RRMS, exemplary of neuroinflammatory
autoimmune diseases, in comparison with 71 healthy individuals
(Supplementary Fig. 4C). While some of these changes have been
described in multiple sclerosis,11–13,30,45,46 the relevance of those
pan-disease parameters as a general feature of neuroinflamma-
tion is novel and hints at their pathophysiological role in CNS
autoimmunity. Although B cells and NKT cells in the CSF were
affected by age under non-inflammatory conditions
(Supplementary Fig. 5A) and patients with neurodegenerative and
neurovascular diseases were on average older than those with
neuroinflammatory conditions (Supplementary Table 1), differen-
ces in these parameters still persisted in a smaller age-matched
subcohort (Supplementary Fig. 5B). To facilitate differential diag-
nosis, we summarized the identified pan-disease parameters into
a composite score; thus, translating our results into clinical prac-
tice (Fig. 2G). Receiver operating characteristic (ROC) analysis pro-
vided a cut-off of 2.8 differentiating autoimmune
neuroinflammatory from other conditions with an odds ratio (OR)
of 11.34. An independent validation cohort of 231 patients (Fig. 1A
and Supplementary Table 1) confirmed this result with an OR of
15.45 (Fig. 2G). In summary, we have identified distinct peripheral
and intrathecal cellular pan-disease parameters commonly altered
across all neuro-inflammatory diseases (Fig. 2H).

Differential diagnosis between distinct CNS autoimmune dis-
eases can be difficult and often lacks specific biomarkers.
Therefore, we sought to identify inter-autoimmunity parameters
to improve the differentiation of RRMS as the prototype of an auto-
immune disease of the CNS from its differential diagnoses
NMOSD, Susac syndrome and AIE (Fig. 1A and Supplementary
Table 1). In addition to established parameters, including the oc-
currence of intrathecal plasma cells concomitant with IgG synthe-
sis, logistic regression identified intrathecal IgA and IgM synthesis
as additional inter-autoimmunity classifiers (Supplementary Fig.
6A). Furthermore, disease-specific parameters such as alterations
in (i) circulating peripheral blood CD56bright NK cells and intra-
thecal lactate concentrations in NMOSD; (ii) circulating CD4 + and
CD8 + T cells and activation of circulating and intrathecal activated
HLA-DR + CD8 + T cells in Susac syndrome; and (iii) circulating and
intrathecal lymphocytes, intrathecal NKT cells, monocytes and
CD14 + CD16 + monocytes in AIE were identified. These parameters
differentiate RRMS from other neuroinflammatory diseases with
high prediction accuracy (NMOSD: 90.1, Susac syndrome: 98.1, AIE:
90.9) and AUCs (NMOSD: 92.4, Susac syndrome: 94.9, AIE: 82.6)
(Supplementary Fig. 6A and Supplementary Table 3). Further ex-
ploratory analysis validated this result by revealing that, in accord-
ance with the literature,13,22,23,26–28 the occurrence of plasma cells
in the CSF together with intrathecal IgG synthesis is an immune-
pathogenic trait characteristic for RRMS (Supplementary Fig. 6B,
red labels). Strikingly, those two inter-autoimmunity classifiers
were sufficient to distinguish RRMS from the other neuroinflam-
matory diseases with a comparably high prediction accuracy
(NMOSD: 87.3, Susac syndrome: 95.3, AIE: 89.4) and AUC (NMOSD:
91.5, Susac syndrome: 90.7, AIE: 82.7) (Fig. 3A and Supplementary
Table 3), compared with the additional parameters. ROC analysis
of a composite score derived by the combination of intrathecal
plasma cells and IgG synthesis revealed a cut-off of 1.5 differenti-
ating RRMS from NMOSD, Susac syndrome and AIE with ORs of
18.9 and 35.8 in the discovery and validation cohort, respectively
(Fig. 3B). Taken together, we identified the occurrence of intra-
thecal plasma cells concomitant with IgG synthesis as sufficient
inter-autoimmunity parameters defining RRMS-specific immune-
pathogenic traits (Fig. 3C).

Multiple sclerosis is characterized by the dissemination of in-
flammatory demyelinating lesions in space and time. Thus, we
reasoned that this may be a paradigmatic example that can be
used to study how immune profiles develop during disease evolu-
tion as a trajectory of time since disease manifestation. We ana-
lysed the alterations in cellular parameters involved in
differentiating inflammatory autoimmune CNS diseases in ther-
apy-naı̈ve patients with radiologically or clinically isolated syn-
drome, early RRMS (disease onset 4 36 months) and RRMS at later
stages (disease onset 4 36 months) (Fig. 4A). Strikingly, while pan-
disease and inter-autoimmunity parameters were present at all
stages of disease progression, thereby supporting their diagnostic
value, disease-related alterations in the circulating proportions of
CD56dim NK cells as well as intrathecal B cells, plasma cells, and
IgG synthesis gradually increased during disease progression. This
indicated that both pan-disease parameters and RRMS-specific
alterations progress with disease evolution. Dichotomization of
patients with RRMS based on disease activity revealed minor
effects on intrathecal proportions of lymphocytes, CD4 + T cells,
CD4 + HLA-DR + T cells and lactate levels (Fig. 4B). In contrast,
changes in peripheral and intrathecal CD4 + CD8 + T cells as well as
intrathecal plasma cells were more pronounced (Fig. 4B).

Overall, our study revealed that cellular parameters in the per-
ipheral blood and CSF can be employed to improve differential
diagnosis between neurological diseases and within CNS auto-
immune conditions with a high prediction accuracy while provid-
ing novel information about pathophysiological processes.

Discussion
Our study revealed that distinct cellular parameters in the periph-
eral blood and CSF improve differential diagnosis with high predic-
tion accuracy and provided insights into shared and distinct
pathophysiological processes allowing the classification of neuro-
logical diseases.

By combining feature selection with dimensionality reduction
and machine learning, we identified pan-disease parameters in
the CSF (cells/ml, monocytes, NKT cells and B cells) and more strik-
ingly in the peripheral blood (CD56dim NK cells) that were altered
across all of the investigated inflammatory autoimmune diseases
of the CNS and susceptible to immune-modulating therapies,
while discriminating from neurodegenerative and neurovascular
conditions. While these changes were already expected for mul-
tiple sclerosis,11–13,30,45,46 the relevance of those pan-disease
parameters as common immune-pathogenic traits of neuroin-
flammation is novel as is the relevance of intrathecal NKT cells in
AIE and a potential role of CD56dim NK cells in NMOSD. This sug-
gests a pathophysiological role for these cell subsets in CNS auto-
immunity. CD56dim NK cells have been shown to play a crucial role
in controlling the activation of antigen-specific T cells in multiple
sclerosis,30 and it is therefore tempting to speculate that impaired
immune regulation by NK cells may be a general feature driving
neuroinflammation. Likewise, our study did not only validate sev-
eral reports demonstrating disease-specific changes in the intra-
thecal B-cell compartment of patients with multiple
sclerosis,13,22,23,26–28 but also highlighted enhanced frequencies of
intrathecal B cells as a common immune-pathogenic trait driving
neuroinflammation. To facilitate the differential diagnosis of
patients with CNS-autoimmune disease from other neurological
disorders, especially in cases where MRI and neurophysiological
parameters are non-pathological, we constructed a composite
score of the pan-disease parameters. This may be relevant to the
differentiation of either patients with demyelinating white matter
MRI lesions of unclear inflammatory origin (e.g. multiple sclerosis,
NMOSD or Susac syndrome) from those with an ischaemic origin
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(i.e. stroke) or patients with non-demyelinating grey matter lesions
of inflammatory origin (i.e. AIE) from those with a degenerative
origin (e.g. mild Alzheimer’s disease). The identified pan-disease
parameters discriminate neuroinflammatory CNS diseases from
other CNS conditions with a prediction accuracy of 76%, i.e. from
1000 patients with suspected inflammatory CNS disease, 760
would be assigned correctly without any further diagnostic infor-
mation. Of note, our strategy ensures that this is true for each of
the investigated neuroinflammatory CNS diseases.

Differential diagnosis between distinct CNS autoimmune dis-
eases can be hampered by specific clinical and/or MRI features and

the lack of specific biomarkers. A notable example is antibody-
seronegative NMOSD, which can be indistinguishable from mul-
tiple sclerosis in its clinical presentation, despite distinct disease
mechanisms.47 Another example is Susac syndrome, in which the
classical clinical triad of encephalopathy, branch-retinal-artery-
occlusions and sensory-neural hearing loss is only seen at disease
onset in 13% of cases.48 Misdiagnosis as multiple sclerosis can be
detrimental, since some therapeutics such as interferon-b, di-
methyl fumarate, fingolimod, natalizumab and alemtuzumab in
NMOSD (reviewed in Jarius et al.49) and interferon-b in Susac syn-
drome50 have adverse effects. We were able to demonstrate that
established parameters including the occurrence of intrathecal
plasma cells and IgG synthesis are sufficient to differentiate
patients with multiple sclerosis from those suffering from NMOSD,
Susac syndrome and AIE with prediction accuracy values of of
92%, 91% and 83%, respectively. In addition, we identified distinct
cellular parameters that improve differential diagnosis with impli-
cations for personalized therapeutic decisions. For instance, differ-
ential diagnosis between Susac syndrome and multiple sclerosis
can be improved by including HLA-DR expression on CD8 T cells in
the peripheral blood and CSF as additional parameters. To further
strengthen the differential diagnosis of neurological CNS diseases,
several studies investigated the power of various soluble parame-
ters in serum and CSF.51,52 A combination of cellular and soluble
parameters should further improve the predictive power.

Taken together, our study demonstrates the power of multi-di-
mensional CSF analysis in the classification of neurological dis-
eases and endophenotypes within a disease spectrum (e.g.
multiple sclerosis) with implications for personalized medicine.
Future studies including both, more detailed cellular (B/T-cell sub-
sets) and additional soluble parameters such as interferon-c, tu-
mour necrosis factor-a, amyloid-b, neurofilament light chain,
CXCL13 and a proliferation-inducing ligand,51,53–55 analysed by
state-of-the-art deep learning techniques may further improve dif-
ferential diagnosis. Identification of other discriminating parame-
ters with a potentially lower effect size requires larger cohorts,
especially of patients with orphan diseases such as NMOSD and
Susac syndrome. Moreover, the inclusion of additional neurologic-
al diseases may reveal further parameters assisting differential
diagnosis. Additional data from longitudinal studies over 10–
20 years may identify parameters involved in the progression from
relapsing-remitting to secondary progressive multiple sclerosis or
within other neuroinflammatory CNS diseases. Individual patterns
and dominance types of immune signatures not only reveal novel
insights in the compartment-specific changes associated with dif-
ferent diseases, but also regarding their underlying pathogenesis.
Thus, individual immune signatures may be used to select thera-
peutic options best suited to normalize immune profiles, thereby
potentially reducing adverse events and increasing treatment
efficacy.
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Figure 4 Factors describing RRMS disease evolution and activity. (A) Heat map (left) illustrating the relative changes and dot plot (right) displaying the
fold changes in pan- and inter-autoimmunity classifiers between patients with non-inflammatory diseases as well as patients from the discovery co-
hort with radiologically or clinically isolated syndrome (RIS/CIS, yellow triangles, n = 26) or RRMS within (early, light red triangles, n = 125) and after
36 months (436 M, dark red triangles, n = 45) from disease manifestation. On the heat map, red indicates the highest expression, whereas blue indi-
cates the lowest expression. Parameter labelling provides information on the respective compartment (peripheral blood or CSF). (B) Volcano plots rep-
resenting the median fold change in parameters between patients with RRMS without (inactive, n = 48) and with (active, n = 142) clinical and/or
radiological disease activity within 4 weeks before lumbar puncture. P-values were calculated by Mann-Whitney test. Only significantly (P5 0.05)
altered parameters are labelled.
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