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Objective: Apheresis treatment (AT) is an established standard of treatment in various neurological autoimmune
diseases. Since not all patients equally benefit from AT, we saw the need to investigate the effect of different
clinical, paraclinical and technical-apparative factors on the clinical outcome. Additionally, we wanted to find
out whether patients who improved due to AT continue to be clinically stable under B-cell depletion (BCD).
Methods: We screened all patients (n = 358) with neurological diseases who received AT at the Medical center of
the University of the Saarland in the past 20 years. Different factors (e.g., age, sex, duration until onset of AT,
type of AT, number of cycles, csf parameters) were analyzed retrospectively. Clinical disability was measured
using the modified Rankin scale (mRS), visual acuity and the Expanded Disability Status Scale (EDSS).

Results: 335 patients, categorized into 11 different autoimmune diagnosis groups, received a total of 2669
treatment cycles and showed a statistically significant improvement in mRS with AT (p < 0.001). Patients in
American Society for Apheresis (ASFA) categories I (p = 0.013) and II (p = 0.035) showed a significantly greater
benefit under AT than those in category III. The clinical outcome was better with shorter duration until AT onset,
more cycles of AT, and more plasma volume exchanged and the presence of an autoimmune antibody. Patients
who initially profited had a significantly more stable course of the disease after 1-Year-BCD (p = 0.039).
Discussion: In the present study, we were able to identify various significant factors influencing the outcome of
patients due to AT. Furthermore, we could show that patients with a response to AT can benefit from BCD follow-
up therapy.

1. Introduction autoimmune neurologic diseases in which autoimmune processes, par-

ainfectious or paraneoplastic mechanisms are discussed as underlying

Apheresis treatment (AT) is an established standard of treatment for
autoimmune, mostly antibody-mediated diseases [1]. The debate of a
potential benefit of apheresis procedures in long-COVID syndromes
[2,3] has renewed the focus of the scientific community on the as of now
poorly understood factors predicting outcome of AT in other

causes.

Therapeutic plasma exchange (TPE) is to be distinguished from
immunoadsorption (IA) [4]. In TPE, plasma volume is separated from
other blood components and replaced by substitute solutions (usually
human albumin or Fresh Frozen Plasma (FFP)). This procedure

Abbreviations: AE, Autoimmune encephalitis; AIDP, Acute inflammatory demyelinating polyneuropathy; AN, Autoimmune neuropathy of other kind; ASFA,
American Society for Apheresis; AT, Apheresis treatment; BCD, B cell depletion; C, Category; CIDP, Chronic inflammatory demyelinating polyneuropathy; CRP, C-
Reactive Protein.; CSF, Cerebrospinal fluid; EDSS, Expanded Disability Status Scale; FFP, Fresh Frozen Plasma; IA, Immunoadsorption; IQR, Interquartile range;
LEMS, Lambert-Eaton myasthenic syndrome; MG, Myasthenia gravis; MOGAD, Myelin oligodendrocyte glycoprotein antibody-associated disease; mRS, Modified
Rankin Scale; MS, Multiple sclerosis; ab, Antibodies; NMOSD, Neuromyelitis Optica Spectrum Disorder; OCB, Oligoclonal bands; ON, Optic neuritis; PMS, Multiple
sclerosis, progressive; PPMS, Primary progressive multiple sclerosis; RMS, Relapsing muitiple sclerosis; RRMS, Relapsing-remitting multiple sclerosis; SPMS, Secondary
progressive multiple sclerosis; TPE, Therapeutic plasma exchange; TPV, Total plasma volume; TTP, Thrombotic thrombocytopenic purpura.

* Corresponding author at: Saarland University, Department of Neurology, building 90, Kirrberger StraBe, 66421 Homburg, Germany

E-mail address: jakob.stoegbauer@uks.eu (J. Stogbauer).

https://doi.org/10.1016/j.jns.2024.123050

Received 23 February 2024; Received in revised form 14 April 2024; Accepted 13 May 2024

Available online 14 May 2024

0022-510X/© 2024 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:jakob.stoegbauer@uks.eu
www.sciencedirect.com/science/journal/0022510X
https://www.elsevier.com/locate/jns
https://doi.org/10.1016/j.jns.2024.123050
https://doi.org/10.1016/j.jns.2024.123050
https://doi.org/10.1016/j.jns.2024.123050
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jns.2024.123050&domain=pdf
http://creativecommons.org/licenses/by/4.0/

M. Fousse et al.

unselectively removes (exchanges) multiple proteins such as antibodies
as well as clotting factors, hormones, or various kinds of drugs. In
contrast, in IA, immunoglobulins, complementary factors or immune
complexes of plasma are selectively bound in an adsorber column. Both
procedures are to be understood as a short-term intervention into the
immune system and are used in severe neurological - mostly steroid-
refractory - autoimmune diseases, primarily used for disease stabiliza-
tion. The expected extent of success of AT in various autoimmune di-
agnoses is currently the subject of research projects. The decrease in
immunoglobulins due to the procedure depends on the type of immu-
noglobulins considered as well as intravascular baseline concentration
[5], re-synthesis, redistribution from extracorporeal compartments,
exchanged plasma volume and possibly the length of a therapeutic cycle
and the time interval between cycles [6].

In TPE proteins have to be replaced (with corresponding allergic
risk) and there is a greater circulatory burden. Neither is the case with
IA. TPE is equivalent to a non-selective AT, whereas IA is more selective,
and a larger TPV can be treated per session.

With TPE 1 to 1.5 times the patient‘s total plasma volume can be
treated per session, with IA with tryptophan filters 2 to 2.5 1 can be
treated. A standard of about 5-7 sessions per AT cycle is established
[1,7].

Established and modified indications for evidence-based use of AT
are made considering American Society for Apheresis (ASFA) guidelines
which are continuously updated [1]. The guideline serves as a guide in
the treatment of patients, sorting the disease into four categories (CI, CII,
CIII, CIV): CI and CII include evidence-based firstline (CI) or secondline
therapy (CII) via AT (in each case combined with other therapeutic
modalities, if appropriate), whereas in CIII the role of AT remains un-
clear and in CIV it has been shown to be ineffective or even harmful [1].
In some diseases (e.g., MG), long-term treatment with AT is necessary if
other treatment options fail [8,9].

However, AT is generally used in cases of (sub)acute clinical de-
teriorations. In a vast variety of immunologically mediated neurological
diseases [10-12] such as Guillain-Barré syndrome [13-16], chronic
demyelinating inflammatory polyneuropathy (CIDP) [17-19], relapsing
multiple sclerosis (RMS) [20,21], myasthenia gravis (MG), autoimmune
encephalitis (AE) or NMOSD [22,23] indication for AT can be given as
first-line therapy or as a second-line treatment after unsuccessful treat-
ment with steroid pulses [1].

We saw the need to investigate the effect of clinical, paraclinical, and
technical-apparative factors in patients with different neurological dis-
eases, because not all individuals benefit from AT. The influence of
different variables [20] such as patient age, gender, duration until onset
of AT, number of cycles, type of relapse has not coherently been inves-
tigated in the largely retrospective studies or case series. Existing studies
usually only provided results for individual diseases. However, in large
neurological departments the treatment of rare diseases must also be
taken into account. Therefore, we decided to examine the entirety of
patients treated with AT in accordance with the existing diseases, the
paraclinical and AT-related parameters. In addition to the parameters
mentioned above the response to the different types of AT was of greater
interest, as IA does not require plasma substitution and there are
particular cases in which IA is more expensive than TPE. Additionally,
the role of seropositivity or seronegativity for autoimmune antibodies
has not yet been sufficiently investigated when it comes to AT due to
small case sizes.

To assess the outcome for all subjects, functional disability was
determined via the modified Rankin scale (mRS). Additionally, in some
subpopulations the Expanded Disability Status Scale (EDSS) and visual
acuity were examined.

Since many neurological autoimmune diseases present with a
chronic disease course after AT, there often is a need for follow-up
therapy with immunotherapeutics after the initial use of AT. We were
interested to investigate whether patients who had received AT benefit
from B-cell depletion (BCD), since ultimately both therapeutic concepts
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aim at reducing antibody-mediated autoimmunity. Pharmacological
destruction of B cells is accompanied by several monoclonal antibodies
directed against CD19 or CD20. The original substance is Rituximab,
which is used in hemato-oncology. Rituximab which is directed against
CD20 is also used as an off-label medication in neurology (for RMS, PMS,
MG, vasculitis, NMOSD, MOGAD, AE and other diseases as an individual
healing attempt). Approved follow-on products against CD20 are ocre-
lizumab (for RMS and PPMS), ofatumumab (for RMS), ublituximab (for
RMS) and inebilizumab against CD19 (for Aquaporin-4 antibody posi-
tive NMOSD) [24-28]. The substances directed against CD20 deplete a
large part of B cells, while inebilizumab also destroys early forms of B
cells and some types of plasma cells [24,28].

2. Patients and methods
2.1. Study design and participants

Every Patient who was in the Department of Neurology from January
2004 to September 2023 and received AT (TPE or IA) was analyzed
retrospectively and included in this study. Both methods are based on
prior plasma separation by means of a plasma filter or centrifuge. Plasma
exchange was performed via a large central venous catheter. In both
cases, tryptophan was used for the binding before the residual blood
plasma is re-infused [4,5,29] In most cases anticoagulation with heparin
or citrates was administered during AT. Calculation of the individual
total plasma volume (TPV) was achieved by specifying hematocrit, body
height and weight by use of formulas and nomograms [30].

The study was anonymized and conducted with approval of the local
ethics committee (Ethikkommission der Arztekammer des Saarlandes,
ethics vote No. 158/14). Active consent was not required. The analysis
was based on data documented by the department of neurology and
nephrology.

Clinical parameters (diagnoses, age, sex, examination findings, vi-
sual acuity, symptom duration) and supportive instrumental examina-
tions as well as common disability scores before and after AT were
evaluated (mRS for all, EDSS for myelitis, ON, RMS, PMS and NMOSD/
MOGAD, visual acuity for ON of different diseases).

The seven-item modified Rankin scale (mRS), which was originally
developed to evaluate outcome post stroke and is utilized in many stroke
studies, reflects the extent of disability using a standardized measure
[31-33]. This score is beneficial when it comes to determining func-
tional disability in everyday life, which is the decisive factor for all
patients, before and after AT regardless of the disease. In the meantime,
mRS has been used for a variety of other neurological diseases
[24,34-37]. An mRS of 0-2 points reflects a lack of disability or mod-
erate disability, whereas patients with an mRS of 3-5 points perma-
nently depend on assistance (mRS of 6 points corresponds to death due
to illness).

Individual diagnoses were combined into 11 diagnostic groups, as
shown in Table 1. We also investigated the proportion of ineffective
previous steroid therapy. Cerebrospinal fluid (CSF) findings were
assessed if available (cell count, pleocytosis, oligoclonal bands (OCB)).
Laboratory results (CRP, antibody levels for IgG and IgM in serum) and
the presence of pathological autoantibodies were also included in the
analysis. AT specific data (type of AT, number of cycles, exchange vol-
ume) was collected. The AT was performed in the Department of
Nephrology. Tryptophan filters by the company Asahi Kasei Medical
(Japan) were used. In TPE, exchange volume was calculated with 40 ml/
kg body weight. The exchange volume in IA was 2.5 | for all patients.

2.2. Statistical analysis

To compare unpaired non-parametric data between the different
groups (diagnosis group, sex, presence of ocb/pleocytosis/autoanti-
bodies, type of apheresis, stability under bed) Mann-Whitney-U- and
Kruskal-Wallis-test were performed. In case of multiple testing,
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Table 1
Patient characterization, laboratory findings and characteristics of apheresis
treatment.

n 335

Years of age at visit, mean + SD 53.6 +
17.4

Sex, female, n (%) 178
(53.1)

Underlying disease group, n (%)

e AIDP 65 (19.4)

e RMS relapses 62 (18.5)

e CIDP 59 (17.6)

e Myasthenia gravis/LEMS (n = 48/n = 3) (MG) 51 (15.2)

e NMOSD/MOGAD (n = 13/n = 8) 21 (6.3)

o Autoimmune neuropathy of other kind (AN)' 21 (6.2)

e Autoimmune encephalitis (AE) 20 (6.0)

o Optic neuritis (ON)* 10 (3.0)

o Multiple sclerosis, progressive (PMS)> 9(2.7)

e Myelitis of other kind? 8(2.4)

e Other’ 9 (2.6)

o initial diagnosis 150
(44.6)

e recurrence 185
(55.1)

CRP* at apheresis, mg/l (mean + SD) 16.5 +
30

IgG in serum*, g/dl (mean + SD) 1+0.43

e initial diagnosis 1.05 £
0.46

e recurrence 0.9 + =
0.36 0.027

1gM in serum”, g/dl (mean + SD) 0.11 £
0.09

o initial diagnosis 0.12 +
0.09

e recurrence 0.1+0.1 p=

0.043
Presence of autoantibody, n (%) 90 (26.9)
Presence of CSF pleocytosis (>6/pl) at diagnosis per
available CSF analyses (n = 183), n (%)

o yes 54 (29.5)

e no 129
(70.5)

CSF cell count, n/pl (mean + SD) 18.1 +
13.7

Presence of OCB per available OCB analyses (n = 176), n

(%)

o yes® 50 (28.4)

® no 126
(71.6)

AT modality, n (%)
175

TPE (52.1)
138

1A (41.1)

combined 22 (6.5)

Number of therapy sessions, n (mean + SD) 8+6.4
269 +

Volume of plasma exchanged, 1 (mean + SD) 60.5

1

includes the diagnoses of paraproteinemic demyelinating neuropathy, pol-
yradiculitis, ganglionitis, vasculitic polyneuropathy, paraneoplastic neuropathy,
and other immune-mediated polyneuropathy.

2 without a diagnosis of multiple sclerosis, NMOSD or MOGAD.

3 Includes primary progressive multiple sclerosis (PPMS) and secondary pro-
gressive multiple sclerosis (SPMS) with progression independent of relapse ac-
tivity (PIRA).

4 includes the diagnoses thrombotic thrombocytopenic purpura, Lambert-
Eaton myasthenic syndrome, paraneoplastic cerebellar degeneration and neu-
ropathy, stiff person syndrome, neurosarcoidosis.

5 OCB type 2 (intrathecal) n = 38 (76%), OCB type 3 (intrathecal and addi-
tional identical in CSF/serum n = 12 (24%).

& Reference <5 mg/1.

" Reference 0.7-1.6 g/dl.

# Reference 0.04-0.23 g/dl.

Journal of the Neurological Sciences 461 (2024) 123050

Bonferroni correction was used as post hoc-test. Wilcoxon-rank-test was
used for statistical analysis of paired non-parametric data (single group
benefit in mRS due to AT). Correlations between age, time to treatment,
number of sessions, plasma exchange volume on the one hand and
AmRS on the other hand were analyzed using Spearman’s correlation
coefficient. A statistical analysis was considered significant if the p-value
was <0.05.

2.3. Software

SPSS statistics (version 28.0.1.1) was used for statistical analysis,
GraphPad Prism (Version 10.0.2), Microsoft Excel and Power Point
(Microsoft 365) were used to create the graphics, and Microsoft Word
and Excel (Microsoft 365) were used for word processing.

3. Results
3.1. (K1) Screening procedures and final selection

358 patients received AT in the Department of Neurology from
January 2004 to September 2023. After consideration of the final di-
agnoses, 23 patients were assigned to category IV according to the
current American Society for Apheresis (ASFA) guidelines. As no auto-
immune pathology and no therapeutic response is assumed in these
patients, they were excluded from the sub-analysis below.

3.2. (K2) Clinical characteristics of the included population

A total of 335 patients, 178 female (53,1%), were included in this
study. Table 1 provides an overview of patient characteristics, labora-
tory findings, and apheresis treatment parameters. The mean age of all
patients was 53.6 years (+17.4) with a minimum of 18 and maximum of
86 years. Patients with RMS were of the youngest age (37.8 years
(£10.4)), patients with autoimmune neuropathy (AN) had the highest
average age of 61.9 years (+9.4). Patients included in this study with
RMS, PMS, ON, Myelitis, NMOSD/MOGAD or AE suffered from a
steroid-refractory worsening of the disease. Over 2/3 disability-causing
events were due to AIDP, CIDP, multiple sclerosis, and myasthenia
gravis. The events optic neuritis (ON) and myelitis could be assigned to
different diseases. In almost 45% of the patients, the neurological
manifestation represented the initial diagnosis of the disease. Patho-
logical autoantibodies were found in about 25% of the reported cases
(Table 2 contains the name and frequency distribution of the autoanti-
bodies). CSF pleocytosis and/or the detection of oligoclonal bands, both
expressing possible inflammation in the CSF space, were found in 16.1
and 14.9% respectively.

A total of 2669 cycles of AT (of which 1461 cycles of TPE and 1208
cycles of IA) were evaluated.

Overall the AT was well tolerated. The most common side effects
were allergic reactions after substitution of FFP (8.6%) and hypotension
(4.2%). Three patients died of their disease during the hospital obser-
vation phase; however this was not a consequence of AT. Two patients
experienced an air embolism after removal of their central venous
catheter. No other serious adverse events or deaths occurred. Plasma
substitution was performed using albumin and FFP. A slight majority of
patients received therapeutic TPE. Combination therapy was mostly
initiated by switching to IA due to allergic reactions to FFP during TPE.
5 cycles were usually planed with the option of discontinuation in case
of deterioration or additional cycles in case of a favourable response; on
average, 8 cycles of AT (& 6.4) were performed.

3.3. (K3) Treatment outcome
3.3.1. (K3a) Functional outcome through apheresis treatment according to

the ASFA categories
Indications for AT were made during hospitalization based on initial
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Table 2

Presence of autoantibodies (above) and comparison of the groups with
and without detection of pathological autoantibodies (below). Change
in mRS before/after TA (AmRS). Different groups were defined by
presence of antibody. Statistical analysis carried out using Mann-
Whitney-U test.

Presence of autoantibodies (name) n (%)
Acetylcholine receptor 35 (10.4)
Aquaporin-4 4(1.2)
NMDA receptor 7 (2.1)
MOG 9(2.7)
Antiganglioside 10 (3.0)
Yo 4(1.2)
VGCC 5(1.5)
Paraproteins 5(1.5)
Other* 11 (3.3)
Group n (%) AmRS Median Min Max p
comparison (mean
+ SD)

Antibody 90 1.02 + 1 -1 4

(26.9) 0.9
No antibody 245 0.75 + 1 -3 3

(73.1) 0.8

335 0.029

Different antibodies found in the patients underwent AT. *Other con-
sists of LGI-1 (n = 1), ADAMTS-13 (n = 1), GAD (n = 2), DPPX (n = 1),
CASPR2 (n=1), MuSK (n = 1), MAG (n=1), AMA (n=1), LRP4 (n =
1), Amphiphysin 2 (n = 1).

suspected diagnoses. However, our evaluation takes into account the
final diagnoses (Table 1 and Fig. 2). Each disease was assigned to a
category (I to IV) according to the current American Society for
Apheresis (ASFA) guidelines [1]; notes in table S1 in the supplement.
The diagnoses polyradiculitis, vasculitic and other autoimmune poly-
neuropathy as well as ganglionitis and neurosarcoidosis were assigned
to category CIII due to their autoimmune pathophysiology and the
therefore possible but not yet sufficiently investigated efficiency of
apheresis therapy. The assignment allows an estimation of the proba-
bility of response to the AT.

A total of 358 patients were screened (Fig. 1), the Categorization was
made according to the ASFA guideline: CI 197 patients, CII 104 patients,
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CIII 34 and CIV 23 patients. Fig. 2 is a multidimensional diagram and
represents an alternative visualization to a flow chart. It symbolizes each
individual’s response to AT. The same numbers are assigned to the same
diseases. The outcome was colored by the improvement or worsening of
mRS (AmRS). Patients in green (dark green AmRS>1, light green AmRS
= 1) benefited best, gray (AmRS = 0) and red (AmRS<0) symbolize
unchanged or worsened condition. In line with good clinical practice,
the categories with the best therapeutic response according to ASFA (CI
and CII) contained the most patients. Deterioration under AT was found
in the Cl and CIV categories. No patient with improvement was found in
CIV. With ascending category, the proportion of patients with response

Fig. 2. Multidimensional diagram with final diagnosis (numbers 1-32)
assignment to ASFA categories (CI-CIV) and change in functional disability
(AmRS) after AT.

exclusion for

sub-analyses

Fig. 1. Flowchart with the screened patients. Patients with ASFA category IV diagnoses were excluded from the sub-analysis if no therapeutic response was expected.
The remaining patients were assigned to ASFA categories I, II and III. The distribution of the various AT procedures is shown below.
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(green) decreased with CI 66.5%, CII 62.5%, and CIII 38.2%. The pro-
portion of patients with a very good outcome (dark green) was highest in
CII with 22.1% and lowest in CIII with 5.9%. As expected, all 23 patients
of CIV showed a lack of improvement or even a worsening of the mRS.

Each ASFA category from I to IV (CI, CII, CIII, CIV) was outlined in
black. Each square symbolizes a patient.

The number denotes the underlying disease (final diagnosis) ac-
cording to the legend: (1) AIDP, (2) multiple sclerosis (acute relapse), (3)
CIDP, (4) myasthenia gravis, (5) NMOSD/MOGAD, (6) autoimmune
encephalitis, (7) optic neuritis, (8) multiple sclerosis (chronic), (9)
paraproteinemic demyelinating neuropathy, (11) dystonia, (12) cns
lymphoma, (13) paraneoplastic cerebellar degeneration, (14) amyo-
trophic lateral sclerosis, (15) spinalis anterior syndrome, (16) TTP, (17)
critical illness polyneuropathy, (18) stiff person syndrome, (19)
meningeosis, (20) toxoplasmosis, (21) stroke, (22) meningitis, (23)
Leber’s hereditary optic neuropathy, (24) paraneoplastic neuropathy,
(25) ethyltoxic neuropathy, (26) spinocerebellar ataxy, (27) myelitis,
(28) polyradiculitis, (29) vasculitic polyneuropathy, (30) ganglionitis,
(31) autoimmune polyneuropathy, (32) neurosarcoidosis, (33) Lambert-
Eaton myasthenic syndrome.

Clinical response, defined by the change in mRS by apheresis, is
highlighted in color in the legend: Dark green symbolizes a marked
clinical improvement (decrease in mRS by >1 point), light green a slight
clinical improvement (decrease in mRS up to 1), gray an unchanged
state, and red a worsening (increase in mRS).

Patients in category IV with non-autoimmune-mediated diseases
were excluded for further analysis in the absence of an expected
response to AT. With the comparison of the ASFA categories CI, CII and
CIII, the change in mRS was significantly different in the statistical
analysis using the Kruskal-Wallis test (p = 0.016). The Bonferroni

Journal of the Neurological Sciences 461 (2024) 123050

correction was used as post hoc-test. Patients classified in ASFA CI or
ASFA CII showed a significantly greater benefit under AT than patients
in ASFA CIII (ASFA CI vs. ASFA CIII: p = 0.013; ASFA CII vs. ASFA CIII: p
= 0.035). Between categories ASFA CI and ASFA CII, we did not find a
significant difference in terms of functional outcome after AT (ASFA CI
vs. ASFA CII: p > 0.9).

3.3.2. (K3b) Improved outcome through apheresis treatment in different
diagnostic groups

The final individual diagnoses of the included patients (ASFA cate-
gories I-III) were summarized into eleven diagnostic groups for statis-
tical analysis (Table 1). 62.38% of patients from ASFA CIL, II, III showed a
response (defined as improvement in mRS > 1). The median mRS for all
335 patients before AT was 4 (range 1-5), with the median in the AE
group being the highest at 5 (range 2-5). The median for the total cohort
after AT was 3 (range 0-6), this improvement was statistically signifi-
cant (p = 0.001). Figure Supplement 1 shows a spherical cluster diagram
for each of the 11 groups. The mRS value before AT is assigned to an
mRS value after AT. No diagnostic group had a majority of patients in
the range that reflects a deterioration. However, the visualization sug-
gests that in certain groups, e.g. CIDP, many patients did not benefit
from AT.

The statistical analysis using the Wilcoxon rank test showed a sig-
nificant difference in mRS for all 335 patients as a result of AT. The
single group analysis showed significant improvements (p < 0.001) for
patients with AIDP, RMS, MG/LEMS and NMOSD/MOGAD (Fig. 3).
Patients with AE (p = 0.002) and AN (p = 0.011) also benefited. The
improvement for ON (p = 0.038) and PMS (p = 0.046) was significant,
but the group size was small. The myelitis and “other” groups showed no
significant difference due to AT. Fig. 3 shows the graphical

6_
5
" 7
2
E ¥
2_
1 -
0- p<0.001 p<0.001 p<0.001 p<0.001 p<0.001 p=0.002 p=0.038 p=0.046 p=0.011 ns. ns.
I I I I I I I I I I I I I I I I I I I I I I
< < < < < < < < < < <
EF & EF &F EF & &F OF &F OF &
| Il 11 11 Il 11 Il 11 Il Il 11 ]
1 2 3 4 5 6 7 8 9 10 11
Diagnosis
1= AIDP 4 = MG/LBEMS 7=0N 10 = Myelitis
2=RMS 5= NMOSD/MOGAD 8=MSC 11 = other
3 = CIDP 6 = AE 9=AN

Fig. 3. Violin plots diagram for final diagnosis groups with mRS pre-AT and post-AT.
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representation of the distribution of the mRS per diagnosis group in the
before-after comparison.

Violin plots show the frequency distribution of the mRS data in the
11 diagnosis groups before (light blue) and after AT (dark blue). Dis-
tribution medians and quartiles are depicted as bold and narrow lines,
respectively: G1 AIDP (n = 65), G2 RMS (n = 62), G3 CIDP (n = 59), G4
MG/LEMS (n = 51), G5 NMOSD/MOGAD (n = 21), G6 AE (n = 20), G7
ON (n = 20), G8 PMS (n = 8), G9 AN (n = 21), G10 Myelitis (n = 8), G11
other (n=9). Statistical analysis was performed using the Wilcoxon rank
test.

Comparing the AmRS for all groups, the Kruskal-Wallis test also
showed a statistically significant result (p < 0.001), with the mean
AmRS being highest for the MG/LEMS (AmRS = 1.35 + 0.93) and AIDP
(AmRS1.02 + 0.74) groups and lowest for the AN (AmRS = 0.38 +
0.59) and CIDP (AmRS = 0.34 + 0.78) groups. When comparing
demyelinating neuropathies, the post hoc analysis using Bonferroni
correction showed a significant result in favour of AIDP (vs. CIDP: p <
0.001). The AmRS comparisons of the groups AN vs. AIDP (p = 0.027),
AN vs. MG/LEMS (p < 0.001), and CIDP vs. MG/LEMS (p < 0.001) were
also significantly different.

3.4. (K4) Predictors of treatment outcome

3.4.1. Age and sex

When analyzing the epidemiological factors of age and sex, no sig-
nificant correlation was found for either factor (age: Spearman’s r =
—0,06, p = 0.305; sex: Mann-Whitney-U test p = 0.955) with the change
in mRS by AT (AmRS). At most, there was a trend for a greater AmRS
change with younger patients (Spearman’s r = —0.23, p = 0.08) in the
RMS group.

3.4.2. Pleocytosis and OCB in CSF and presence of autoantibodies

Whether pleocytosis was present in the CSF at the time of the diag-
nosis (n = 53) or not (n = 129) had no significant influence (p = 0.51) on
the functional outcome (mRS). Similarly, the presence of OCB type 2 or
type 3 in the CSF did not significantly influence the functional outcome
(p = 0.51).

26.9% of patients treated with AT previously had evidence of a
pathological autoantibody. Anti-acetylcholine receptor antibodies were
most frequently found in patients in the context of MG disease (35 Pa-
tients). Table 2 provides further details. Patients with evidence of an
autoimmune antibody showed a more significant benefit under AT than
patients without (p = 0.029) (Table 2). There was no statistical differ-
ence in the outcome regarding the presence of IgM- or IgG-antibodies,
with the IgM group only consisting of 5 subjects. The differentiation of
autoantibodies with regard to their presence or absence of properties
directly influencing cell function (e.g. directed against receptors,
transmembrane protein) did not yield any significant results.

3.4.3. Apheresis treatment: Time to treatment, number of sessions, plasma
exchange volume and type of apheresis

We examined paraclinical parameters in relation to the individual
disease groups. Table 3 provides information on the extent to which the
time from symptom onset to the start of AT (delta time in days) corre-
lates with an improvement in the mRS. For all patients with a docu-
mented time interval, there was a negative correlation (the faster AT is
started, the higher the improvement in mRS) with Spearman’s r =
—0.255 (p < 0.001). The subgroup analysis showed that, particularly in
the groups with CIDP and MG/LEMS, a rapid start of therapy is associ-
ated with an improved outcome. There also was a non-significant trend
in the NMOSD group. The PMS group showed a significant result, but the
group size was too small for a meaningful statistical analysis.

On average, 8.01 £ 6.44 cycles of AT were performed in all patients.
On average, patients in the ON group received the fewest cycles (mean
+ SD = 6.3 £ 1.83) and patients in the NMOSD group received the most
treatment cycles (mean + SD 11.8 + 9.15). However, the subgroup
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Table 3

Correlation of the time interval from symptom onset to the start of AT (Atime in
days (d)) with AmRS per disease group. Expressed as mean + SD. A negative
correlation factor Spearman’s r means that a shortened time interval leads to an
improved outcome.

n time d (x &+ AmRS (x + r P

SD) SD)
AIDP 44 14 +£12.2 1.02 + 0.74 —0.095  0.541
RMS 54 41.9 + 67.3 0.87 + 0.81 0.011 0.94
CIDP 24 957.3 + 0.34 + 0.78 -0.628  0.001

1537.4
MG/LEMS 35 116.7 + 433.7 1.35+ 0.93 —0.388 0.021
NMOSD/ 17 55.6 + 82 0.86 £ 0.73 —0.438 0.079

MOGAD

AE 17 161.9 +212.8 0.9 +0.912 —0.044  0.866
ON 10 21.6 £ 9.3 0.7 +£ 0.82 —0.58 0.881
PMS 6 156.3 +289.8  0.44 + 0.53 0.878 0.021
AN 12 329.8 +738.3  0.38+£0.59 -0.078  0.81
Myelitis 8 52.9 £ 95.9 0.75 £+ 0.89 —0.026 0.952
other 5 117.2 + 186.4 0.67 + 0.87 —0.791 0.111
all 231 171.4 +611.1 0.82 + 0.85 -0.255  <0.001

analysis showed that the positive correlation between the number of
cycles and functional outcome was only significant in the CIDP group
(Spearman’s r = 0.53, p < 0.001).

The total plasma exchange volume (in liters (1)) of AT was investi-
gated with regards to the functional outcome. While patients in the MG
group had the highest average volume of plasma exchanged/filtered
(mean + SD = 45.1 + 153.2 1), patients in the PMS group had less than
half the volume exchanged/filtered (mean + SD = 18.5 + 6.3 1). How-
ever, the exchange volume only correlated significantly with the func-
tional outcome AmRS (Spearman’s r = 0.506, p = 0.001) in the CIDP
group (mean = 25.4 + 36.1 1). Details on the number of AT cycles and
exchange volumes can be found in Tables S2 and S3 in the Supplement.

Furthermore, we investigated the influence of the type of AT on the
extent of functional improvement (AmRS). We found no significant
difference between patients treated with TPE (n = 175), IA (n = 138) or
with a combination of both procedures (n = 22). In the Kruskal-Wallis
test, no procedure (TPE: median = 1, range — 3-4; [A: median = 1,
range — 1-3; combination: median = 1, range — 1-2) was more effective
(p = 0.29) for both the total of patients and the different diagnostic
groups.

3.4.4. Alternative disability scores: EDSS and visual acuity

In the observed patient population of patients diagnosed with RMS,
PMS, NMOSD/MOGAD, ON or Myelitis, we found a highly significant
correlation (Spearman’s r = 0.852, p < 0.001) between the change in
mRS and the change in the EDSS (AEDSS) due to the AT. EDSS after AT
was significantly lower than before (median before and after AT = 3,
mean 4.1 resp. 3.4, p < 0.001, Wilcoxon rank test).

However, with the (para-)clinic and apheresis related parameters
(age of patient, time to treatment, pleocytosis, OCB, type of AT, number
of cycles, and exchange volume) better correlations were shown using
mRS as the clinical outcome parameter for the above-mentioned
diagnoses.

As various diseases can lead to optic neuritis, we used the parameter
of visual acuity determined by ophthalmologists. With regards to the
parameter of visual acuity change due to AT (A visual acuity), we also
found significant improvement after undergoing therapy (median 0.1
resp. 0.25, mean 0.18 resp. 0.36, p < 0.001, Wilcoxon rank test). No
Group differences were found in the Kruskal-Wallis test, therefore the
group sizes were too small.

Similar to the EDSS, the change in the visual acuity correlated
significantly with the AmRS as well (Spearman’s r = 0.907; p < 0.001).
Time point of prior steroid therapy did not influence the improvement of
visual acuity in the given cohort (Spearman’s r = —0.09; p = 0.81),
neither did the dose of it (Spearman’s r = —0.35; p = 0.32).
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3.5. (K5) Benefit of apheresis treatment as an indicator of stability under
B cell depletion

After initial AT, 76 of 335 patients received long term B cell deple-
tion (BCD), using rituximab, ocrelizumab or ofatumumab. Concerning
these patients, we analyzed if initial profit through AT correlates with
later disease stability under BCD, which is defined as a constant or
improved mRS one year after starting therapy. We had follow up data on
50 of the 76 patients undergoing b cell depletion. The patient charac-
teristics can be found in Table S4 in the Supplement.

Fig. 4 shows the course of the mRS values of the 50 patients in the
color beam. Initially, there is a clear improvement in disability due to AT
(decrease in the mRS sum score by 43 points) and stabilization during
the variable time between the end of AT and the start of BCD (mean time
between end of AT and start of BCD was 14.7 days). In the follow-up
after one year of BCD, however, there was again a worsening of
disability (increase in the mRS sum score by 17 points).

Patients who initially showed response to AT had a significantly
more stable course through later BCD in the statistical analysis using the
Mann-Whitney U test (p = 0.039) (Supplement Table 4).

In particular, patients with RMS and AE who benefited from AT
appear to be stable under BCD. However, patients with NMOSD/
MOGAD or MG/LEMS who benefited from AT show a variable response
to BCD (Table S4). In the post hoc analysis, the AE subgroup was
significantly more stable than the NMOSD/MOGAD and MG/LEMS
subgroups (p < 0.001 in each case).
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4. Discussion

The complication rate of AT was very low in our study, most
frequently allergic reaction to FFP. The data were congruent with the
known good tolerability [38].

In our analysis, we were able to reproduce the benefit of AT for the
diagnoses that could be assigned to ASFA categories I and II. Likewise,
the demonstration of unchanged or worsened mRS for all individuals in
ASFA category 1V, for whom no therapeutic response was expected ac-
cording to ASFA criteria, allowed the exclusion of these patients from
the detailed follow-up analysis [1]. While there was no difference be-
tween groups CI and CII in terms of mRS outcome, both groups were
significantly superior to CIIL This is probably due to the heterogeneous
composition of this group, in which the proportion of patients with a
very good response was lowest, but on the other hand no patients
deteriorating under AT were included.

The epidemiological data mean age of 53 years and predominance of
the female sex is consistent with other AT studies in neurological dis-
eases [11,39] and were not significantly influencing variables. In
contrast, younger age appears to be advantageous in other studies for
individual subgroups, e.g. AE [37]. We could show a similar trend for
the RMS subgroup.The CSF parameters presence of pleocytosis or
detection of intrathecal OCB did not play a relevant role for the outcome
and is consistent with the fact that inflammatory signs cannot be
detected in CSF in all diseases.

While smaller studies have reported varying response rates of >50%
to almost 90% [11,12,39]. Our patients from ASFA CI, I, IIl showed a
similar improvement but the different diagnoses and heterogeneous
composition of the collective and requires more detailed data analysis:

e 1y-pOSt-BCD ; - b _
A total mRS +17 ' 1 Year BCD therapy
mRS pre-BCD 10 15 21 -
A total mRS +1 ' Rehabilitation, waiting time
A total mRS -43 ' Apheresis treatment
e pre-AT 1 ’ b _
0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
B mRS=0 mRS=1 mRS=2 mRS=3 W mRS=4 M mMRS=5

Fig. 4. Representation of the distribution of 50 patients on the mRS values 0-5 in the color scale (green, yellow, orange, red) over the course of the study at four
points in time. Low mRS values (green) reflect low disability and high values reflect severe functional disability (orange/red). The absolute number of patients per
mRS value is shown; the percentage distribution is presented below. The values are measured at the time before AT (mRS pre-AT), after completion of AT (mRS post-
AT), before the start of BCD (mRS pre-BCD) and after one year of therapy with BCD (mRS 1Y-post-BCD). Decrease (AmRS total score) due to AT and slight increase in
total disability in the follow-up after one year of BCD. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)
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In the disease-related subgroup analysis, patients with AIDP, RMS, CIDP,
MG/LEMS and NMOSD/MOGAD (each p < 0.001) and AE (p = 0.002)
and AN (p = 0.011) showed the most significant improvement (even if
before and after data on instrumental diagnostics (e.g. MRI) were un-
fortunately not available). This reflects the results of other studies
[11,39-42], some of which, in contrast, have shown no therapeutic
response in CIDP [11,12]. In this disease group and MG/LEMS, a faster
onset of AT (time to treatment) was associated with a better outcome. It
should be noted here that the time of deterioration tends to be recorded
by patients as a rough time period. Diagnosis groups “myelitis of other
kinds” and “other“did not appear to benefit from AT, which is probably
due to the heterogeneous composition. The CIDP group was the only
group in which a higher number of AT sessions or a higher exchanged
plasma volume was beneficial for the functional outcome (AmRS).

Optic neuritis occurs in various diseases: isolated, in RMS [21], in
MOGAD, in NMOSD, and double-negative NMOSD. Especially in the
latter group, TPE does not seem to lead to a reliable improvement of
vision, whereas a combination of rapid onset of TPE and few previous
ON episodes in Aquaporin-4 antibody positive NMOSD patients show
the best chances of improvement [43]. In our study, visual acuity was
significantly better after AT, but there were no statistically significant
differences between the subgroups.

We saw no difference in outcome when using TPE, IA or a combi-
nation of both (p = 0.29). However, smaller studies may suggest an
advantage for IA (better effect and/or fewer complications) for indi-
vidual disease groups [18]. There is evidence that TPE and IA lead to
similar clinical improvements in MS and NMOSD patients [1], with
levels of proinflammatory cytokines (Interferon-y, Tumor-necrosis-fac-
tor-a, Interleukin-12 and others) appearing to be lowered during IA
[44].

We were able to show that the subgroup of patients with pathological
autoantibodies (26.9%), regardless of whether the cell function is
impaired, benefited more from AT than patients with no successful
antibody detection. The most common antibody detected was anti-
acetylcholine-Ab in MG patients (10.4%). It is already known that MG
patients like in our collective show a rapid regression of symptoms and a
decrease in acetylcholine antibody titres due to IA [45].

Unfortunately, the number of autoantibody-positive patients was too
small to be able to make a statement on the improved effectiveness of
TPE, IA or combination.

With regard to diseases triggered by autoantibodies, there is an
important follow-up aspect for treatment: AT is mostly aimed at the
treatment of autoimmune diseases in which pathological autoantibodies
are detected or suspected. However, B cells, which mature into
antibody-producing plasma cells, are not affected by AT. Thus, from a
pathophysiological point of view, it appears conclusive that patients
who respond to AT should also stabilize under BCD treatment. For the
first time, we investigated the relationship between response to AT and
subsequent stability under BCD in neurological diseases: We were able
to show that the majority of patients who clinically benefit from AT
(AmRS>1) are also stable or improve under BCD (AmRS>0). This fact
must be interpreted with caution due to the limited long-term data of
only one year of BCD to date and the small patient population. Never-
theless, the combination of short-term antibody reduction (through AT)
and the long-term targeted reduction of pathological antibodies through
BCD appears to be a promising therapeutic concept.

Of course, this study has some weaknesses. For example, it is a purely
retrospective data analysis, which can lead to distortions in the inter-
pretation. The same applies to the fact that the respective diagnoses
were made by different physicians over a long period of time, not by a
single physician in a standardized manner. Larger populations need to
be studied in order to take into account the heterogeneity of the different
diagnoses and also the different BCD therapies, which influence the B-
cell populations and antibody-levels differently [24,26]. A prospective
design and the additional use of disease-specific scores would be desir-
able, even though the mRS correlated well with functional disability
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across diseases [12,37,39], and with EDSS and visual acuity in our own
cohort. For now, we were able to show that EDSS and visual acuity are
good parameters for detecting AT-related improvement in suitable
patients.

5. Conclusion

Our real-world data from the large cohort of 335 included patients
and >2500 cycles of TPE and/or IA reflects the benefit of AT in many
neurological autoimmune diseases. In particular, functional disability,
measured via the mRS, improves in patients with AIDP, RMS, CIDP, MG/
LEMS, NMOSD/MOGAD, AE, but to a lesser extent also in ON, AN and
PMS. The presence of pathological autoantibodies in the serum is a
predictor for a better response to TPE, IA or a combination, in contrast to
the detection of inflammatory findings in the CSF. Patients with a
response to AT are significantly more stable in long-term treatment with
BCD.
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