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Abstract

Background: Comprehensive data on the cerebrospinal fluid (CSF) profile in patients with COVID-19 and neurologi-
cal involvement from large-scale multicenter studies are missing so far.

Objective: To analyze systematically the CSF profile in COVID-19.

Methods: Retrospective analysis of 150 lumbar punctures in 127 patients with PCR-proven COVID-19 and neurologi-
cal symptoms seen at 17 European university centers

Results: The most frequent pathological finding was blood-CSF barrier (BCB) dysfunction (median QAlb 11.4
[6.72-50.8]), which was present in 58/116 (50%) samples from patients without pre-/coexisting CNS diseases (group 1).
QAlb remained elevated > 14d (47.6%) and even > 30d (55.6%) after neurological onset. CSF total protein was elevated
in 54/118 (45.8%) samples (median 65.35 mg/dl [45.3-240.4]) and strongly correlated with QAlb. The CSF white cell
count (WCC) was increased in 14/128 (11%) samples (mostly lympho-monocytic; median 10 cells/ul,> 100 in only

4). An albuminocytological dissociation (ACD) was found in 43/115 (37.4%) samples. CSF (-lactate was increased in
26/109 (24%; median 3.04 mmol/I [2.2-4]). CSF-IgG was elevated in 50/100 (50%), but was of peripheral origin, since
QlgG was normal in almost all cases, as were QIgA and QIgM. In 58/103 samples (56%) pattern 4 oligoclonal bands
(OCB) compatible with systemic inflammation were present, while CSF-restricted OCB were found in only 2/103
(1.9%). SARS-CoV-2-CSF-PCR was negative in 76/76 samples. Routine CSF findings were normal in 35%. Cytokine levels
were frequently elevated in the CSF (often associated with BCB dysfunction) and serum, partly remaining positive at
high levels for weeks/months (939 tests). Of note, a positive SARS-CoV-2-IgG-antibody index (Al) was found in 2/19
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(10.5%) patients which was associated with unusually high WCC in both of them and a strongly increased interleu-
kin-6 (IL-6) index in one (not tested in the other). Anti-neuronal/anti-glial autoantibodies were mostly absent in the
CSF and serum (1509 tests). In samples from patients with pre-/coexisting CNS disorders (group Il [N=19]; including
multiple sclerosis, JC-virus-associated immune reconstitution inflammatory syndrome, HSV/VZV encephalitis/menin-
gitis, CNS lymphoma, anti-Yo syndrome, subarachnoid hemorrhage), CSF findings were mostly representative of the
respective disease.

Conclusions: The CSF profile in COVID-19 with neurological symptoms is mainly characterized by BCB disruption in
the absence of intrathecal inflammation, compatible with cerebrospinal endotheliopathy. Persistent BCB dysfunction
and elevated cytokine levels may contribute to both acute symptoms and ‘long COVID' Direct infection of the CNS
with SARS-CoV-2, if occurring at all, seems to be rare. Broad differential diagnostic considerations are recommended
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to avoid misinterpretation of treatable coexisting neurological disorders as complications of COVID-19.

Keywords: Coronavirus disease 2019 (COVID-19), Severe acute respiratory syndrome coronavirus type 2 (SARS-
CoV-2), Neurological symptoms, Lumbar puncture, Cerebrospinal fluid (CSF), Oligoclonal bands, Blood-CSF barrier,
Polymerase Chain reaction (PCR), SARS-CoV-2 antibodies, Antibody index, Autoantibodies, Cytokines, Central nervous
system, Encephalopathy, Encephalitis, Guillain—Barré syndrome

Background

COVID-19, first described in December 2019, is an
infectious disease caused by severe acute respiratory
syndrome coronavirus type 2 (SARS-CoV-2). Acute
COVID-19 has been reported to affect—directly or
indirectly—the nervous system in a substantial number
of cases [1-6]. A broad spectrum of neurological mani-
festations, ranging from mild hyposmia and dysgeusia
to life-threatening conditions such as acute encepha-
lopathy and stroke, have been described in association
with COVID-19 [1-3].

Cerebrospinal fluid (CSF) analysis is a diagnostic main-
stay in neurology. However, limited information on CSF
findings in patients with COVID-19 is currently avail-
able. Many of the studies published so far are restricted
in terms of the number of patients included [7, 8] and/
or the parameters assessed [9, 10], are based on a review
of the literature [11], or report experience from single
centers [12]. Comprehensive data from large-scale mul-
ticenter studies that take into account a wide spectrum of
parameters, including CSF white cell counts (WCC) and
cytology, quantitative and qualitative evidence of intrath-
ecal IgG, IgM and IgA synthesis (including Reiber dia-
grams [‘reibergrams’]), markers of blood-CSF barrier
(BCB) dysfunction, total protein, L-lactate, glucose, and
SARS-CoV-2 CSF polymerase chain reaction (PCR), anti-
body indices (AI), autoantibody findings, and cytokine
levels, are widely missing so far. On behalf of the German
Society for CSF Diagnostics and Clinical Neurochemis-
try (DGLN) we conducted a systematic analysis of CSF
findings from 150 lumbar punctures in 127 patients with
PCR-proven COVID-19 and neurological symptoms.
Patients were stratified according to the type and sever-
ity of the neurological symptoms, acuity, co-/preexisting
neurological conditions, and treatment status.

Patients and methods

Patients

The results of 150 lumbar punctures (LPs) in 127
adult patients with COVID-19 and neurological symp-
toms were obtained from the patient records and ana-
lyzed retrospectively. LPs were performed between
03/2020 and 01/2021. In all cases, SARS-CoV-2 infec-
tion was confirmed by PCR (nasopharyngeal/nasal swab/
sputum/tracheal secretion). All patients were diagnosed
with COVID-19 at 17 German (Heidelberg, Berlin, Essen,
Bochum, Diisseldorf, Freiburg, Hanover, Mainz, Miinster,
Munich, Regensburg, Ulm), Austrian (Graz, Innsbruck),
Italian (Pavia, Orbassano) and Swiss (Zurich) university
hospitals. See Additional file 1: table s1 for a summary of
the patients’ demographic and clinical features.

Eleven patients (19 CSF samples) were excluded from
primary analysis due to pre-/coexisting inflammatory
(multiple sclerosis [MS] in 3, acute herpes simplex virus
[HSV] type 1 encephalitis [HSVE] in 1, acute varicella
zoster virus [VZV] encephalitis in 1, anti-Yo-associated
autoimmune encephalitis in 1, chronic viral meningi-
tis of unknown etiology in 1), neoplastic (primary CNS
lymphoma in 1, meningeal carcinomatosis in 1), or cer-
ebrovascular (severe subarachnoid hemorrhage [SAH]
resulting in severe blood contamination of the CSF sam-
ple in 2) CNS conditions known to cause CSF alterations
and considered by the treating physicians to be most
likely not related to COVID-19; these patients were ana-
lyzed separately as ‘group II' (f:m ratio=1:0.8; median
age 54 years, range 29-76).

Of the remaining patients (N=116; ‘group I’), 90
were male (f:m ratio=1:3.5). Eighty-eight percent were
of Caucasian, 5% of African, 4% of Turkish or Middle-
Eastern, and 3% of Asian origin. Overall, 131 LPs were
performed in these 116 patients following onset of
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COVID-19 (one sample available from 102 patients, two
samples available from 13, and three samples from 1).
The median age at LP was 65 years (range 19-89). The
median time between first SARS-CoV-2-PCR-positive
swab and first LP was 12 days (percentile range [0.1-0.9]
0-44), and the median time between LP and onset of the
first neurological symptoms that prompted it was 5 days
(percentile range 1-26). The median time between the
first SARS-CoV-2-PCR-positive swab and the onset of
neurological symptoms was 7 days. Neurological mani-
festations at the time of LP included encephalopathy,
disturbed consciousness, or delayed wake-up reaction
(63 LPs), seizures or epilepsy-like EEG changes (27 LPs),
cerebral ischemia or bleeding (14 LPs), myelitis (3 LPs),
other CNS manifestations (25 LPs; including cerebel-
lar ataxia, sensorimotor symptoms of unknown cause,
and cognitive impairment), peripheral neuropathy
(22 LPs; including Guillain-Barré syndrome (GBS) [at
least 6 LPs]), cranial nerve symptoms (at least 10 LPs;
including anosmia and dysgeusia), and headache (at
least 13 LPs; including 3 x isolated severe headache and
1 x headache and nausea) (multiple manifestations per
patient possible). The presence of neurological disease
was supported by paraclinical evidence from magnetic
resonance imaging (MRI) or computed tomography
(CT) at the time of LP in 94 cases, by EEG in 35, and by
ENG/EMG in 18. At the time of LP, most patients had
symptoms attributable to brain or spinal cord involve-
ment (N=108 [82%] samples; ‘brain/spinal cord [B/
SC] subgroup’), while some had exclusively hyposmia,
dysgeusia, isolated cranial nerve involvement, periph-
eral nerve damage, and/or headache (N=22 samples
[17%]; ‘peripheral nerve/cranial nerve/headache [PN/
CN/H] subgroup’) (no exact classification possible in 1
case). The neurological symptoms present at the time
of LP were coarsely classified by the treating neurolo-
gists as ‘severe’ for 57.9% of LPs, ‘moderate’ for 24.8%,
and ‘mild’ for 17.4%, and samples were stratified accord-
ingly for further analysis; at least 57% of the samples
were taken during or within 1 week before or after ICU
treatment and 57% during or within 1 week before or
after ventilation. Serum IgG antibodies against SARS-
CoV-2 were determined by enzyme-linked immuno-
sorbent assay (ELISA) in 58 samples from 56 patients
in group I (as part of routine clinical workup) and were
positive in 51 (88%) samples from 49 (87.5%) patients
(median 28 days since non-neurological disease onset;
percentile range [0.1-0.9] 12—-45) and negative in 7 sam-
ples from 6 patients (median only 5 days, up to 12 days;
N=7); in the remaining patients, either serum antibody
testing was not done because of the short time inter-
val between COVID-19 onset and LP or data were not
available retrospectively.
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For the purpose of this study, samples obtained within
14 days of the onset of a patient’s neurological symptoms
were classified as ‘acute’ (75% of all samples in the ‘B/
SC subgroup’ and 89% in the ‘PN/CN/H subgroup’). To
avoid bias due to differences in acuity, some subgroup
analyses were restricted to ‘acute’ samples (‘acute B/SC
subgroup; ‘acute PN/CN/H subgroup’). The study was
approved by the review boards of the participating cent-
ers and patients or their legal representatives gave writ-
ten informed consent. LPs were performed for diagnostic
purposes in all cases; no samples were obtained for use in
this study.

Due to the retrospective nature of this study, not all
data of interest were available for all patients and sam-
ples. Accordingly, absolute patient numbers and/or
sample numbers differed among subanalyses (e.g., CSF
white cell counts were determined in more patients and
samples than anti-neural autoantibodies). No data were
excluded from analysis unless explicitly stated (e.g., for
not meeting subgroup criteria).

Methods

Methods were adopted from our previous studies on CSF
findings in inflammatory CNS disorders [13—18] adher-
ing to the German Guidelines on CSF diagnostics of the
German Society for CSF Diagnostics and Clinical Neuro-
chemistry and the German Society of Neurology [19-21].

Evaluation of humoral immune response

Oligoclonal IgG bands (OCB) were assessed by iso-
electric focusing and evaluated according to an
international consensus [22]. Immunoglobulins and
albumin were measured immunonephelometrically.
Quantitative expressions of the intrathecal humoral
immune response were based on calculation of the
CSF/serum quotients QIgG, QIgM, and QIgA with
Qlg =Igcgp[mg/1]/1gerumlg/1]. The upper limits of the
respective reference ranges, Q;,,(I8G), Qj.,(IgM),
and Q,,(IgA), were calculated against QAlb accord-
ing to Reiber’s revised hyperbolic function [23]. Val-
ues for QIg exceeding Qy,,(Ig) were considered to
indicate intrathecal immunoglobulin synthesis [23].
The fraction (in %) of intrathecally produced Ig (Ig-IF)
and the absolute amount of locally, i.e., intrathecally,
produced immunoglobulins (Ig-loc) were calculated
according to the following formulas: Ig-IF[%]=[QIg—
Qiim(Ig)] X Igeerym X 100 and  Ig-loc[mg/L] = [Qlg—
QiimIg)] X Iggerums respectively [23].

Antibody indices
The intrathecal synthesis of antibodies was detected
by calculation of the corresponding anti-microbial
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AL AI=QIg[spec]/Qlg[total], if QIg[total]<Qy,(Ig),
and AI=QIlg[spec]/Qy,(Ig), if Qlg[total]>Qy,(Ig)
with QIg[spec] =IgG[spec]csr/1gGIspec]gerym  and
QIgGltotal] =IgG|total]-p/IgG[total] . ) [24]. The
upper reference range of QlIg, Qy,(Ig), was calculated
according to Reiber’s formulas [23]. AI values> 1.5 were
considered positive [24].

Evaluation of blood—-CSF barrier function

The CSF/serum albumin quotient, QAlb = Albg:[mg/1]/
Alb,..m[g/l], was used to assess BCB function. As the
upper reference limit of QAIDb is age dependent, Qy;,,,(Alb)
was calculated as (4+ ( @/15)) x 107 with a representing
patient’s age according to Reiber et al. [25]. Dysfunction
of the BCB was defined as QAIlb > Qy;,,(Alb) [24].

Cytological examination, CSF total protein, and CSF (-lactate
A CSF WCC>5/ul was classified as ‘increased’ [20]. An
age-dependent reference range for CSF L-lactate was
employed (16-50: 2.1 mmol/l, >50: 2.6 mmol/l) [20]. The
upper reference limit for CSF total protein was set at
0.45 mg/ 1[20].

Other markers

Reference ranges provided by the performing laborato-
ries were used to assess the frequency of samples with
elevated CSF and/or serum concentrations or quotients,
respectively, for CSF interleukin (IL) 6, serum IL-6,
serum IL-8, serum IL-1beta, serum IL-10, serum IL-
1RA, serum soluble IL-2 receptor (sIL2R), serum tumor
necrosis factor alpha (TNF-alpha), and interferon gamma
(IFN-gamma), CSF and serum free kappa and lambda
light chains, and CSF and serum SARS-CoV-2-IgG. For
CSF markers with no well-defined normal ranges (IL-8,
TNF-alpha, and IFN-gamma), median and ranges were
given and descriptively compared with CSF concentra-
tions reported in the previous literature in healthy con-
trols or patients with non-inflammatory neurological
diseases [26—34].

Statistics

Samples were analyzed in total as well as after stratifi-
cation according to disease status and treatment status.
Fisher’s exact test, Mann—Whitney U test and Kruskal—
Wallis test were used to assess the statistical significance
of differences between groups. Spearman’s rho was used
to assess correlations. Due to the exploratory nature of
this study, no correction for multiple testing was applied
other than Dunn’s post-test. P values <0.05 were consid-
ered statistically significant. Reiber diagrams (‘reiber-
grams’) [21, 24] were generated using CSF Research Tool
v3.0 (CoMed GmbH, Soest, Germany) and FLC-K Statis-
tics v1.02 (Albaum IT Solutions, Méhnesee, Germany).
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Results

CSF findings in group |

Blood-CSF barrier function

An elevated CSF/serum ratio for albumin (QAlb), indi-
cating dysfunction of the BCB, was found in 58/116
(50%) samples with available data in group I and was pre-
sent at least once in 54/106 (50.9%) patients tested for
this marker in group L. In those patients with BCB dys-
function, QAlb ranged from 6.72-50.8 x 10~ (median
11.4) (Table 1 and Fig. 1A, B).

The frequency of BCB dysfunction was slightly higher
in the ‘acute B/SC subgroup’ (56.9% [37/65]) than in the
‘acute PN/CN/H subgroup’ (50% [8/16]), as was median
QAIb (8.6 [N=65] vs. 7.7 [N=16] if all samples with
available data were considered, and 13 [N=36] vs. 10.9
[N=09] if only those with elevated QAlb were consid-
ered), but the differences did not reach statistical signifi-
cance (Table 1 and Fig. 1A, B).

Although QAIb values decreased over time, both
in the total cohort (r=— 0201, p<0.05 r*=0.041,
p<0.05; N=103 samples with available data, from 95
patients) and in the B/SC subgroup (r=— 0.278, p<0.03;
?=0.059, p<0.03; N=86 samples with available data,
from 78 patients) (Fig. 2A), BCB dysfunction was still fre-
quently present in samples taken > 14 days after onset of
the neurological symptoms (56.1% [46/82 samples from
79 patients] <14 d, vs. 47.6% [10/21 samples from 21
patients] > 14 d; Table 1), including in 5/9 (55.6%) sam-
ples from 9 patients in whom neurological symptoms had
started > 30 days before the respective LP (delirium, dis-
turbed consciousness or delay in recovery of conscious-
ness after ventilation in 4, with signs of epileptic activity
in 2 and evidence of brain infarction in 1; ataxia, paresis,
dysesthesia and urinary retention of unknown cause in
1).

Median serum albumin concentrations did not differ
significantly between samples from patients with or with-
out elevated QAIb values (28.35 mg/dl [range 15.4—47.9;
N=58] vs. 31.65 mg/dl [range 14—54.8; N=58]), arguing
against ICU-associated hypalbuminemia as a cause of
QAIDb elevation.

CSF total protein

TP concentrations in the CSF were elevated in 54/118
(45.8%) samples tested in group I (median 65.35 mg/
dl; range 45.3-240.4) (Fig. 1E). As expected, TP levels
were closely related to QAlb as detected by regression
analysis (r=0.899, p<0.00001; r*=0.808, p <0.00001;
N =104 samples with available data, from 94 patients)
(Table 1 and Fig. 3A). In total, CSF TP levels were ele-
vated at least once in 48/104 (46.2%) patients tested.
Elevated CSF TP levels were>45 and <50 mg/dl (“bor-
derline”) in 8/54 (14.8%) samples,>50 and <100 mg/
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Table 1 Blood-CSF barrier function, CSF and serum albumin, CSF total protein, and CSF L-lactate in group |
Units Total <14d >14d Acute B/SC Acute PN/CN/H
subgroup subgroup
Blood-CSF barrier function
QAlb > QAlb(lim) Samples  58/116 (50%) 46/82 (56.1%) 10/21 (47.6%) 37/65 (56.9%) 8/16 (50%)
QAlb, all LPs - 7.9 (1.5-50.8;116) 8.6 (3.2-50.8,82) 8.1(3-143;21) 8.6 (3.3-50.8,65) 7.7 (3.2-24.8,16)
QAlb, if positive - 114 (6.72-50.8;58) 11.8 (6.72-50.8;46) 11.1(8.09-14.3;10) 12.9(6.7-50.8;37) 11.5 (6.9-24.8,8)
Alb CSF mg/I 238 (38-1400;116) 243 (80-1400,82) 206 (102-516;21) 240 (106-1400,65) 276 (80-951;16)
Alb serum g/l 28.9 (14-54.8,117) 30.25(15.4-54.8;82)  31.9(14-51.5;21) 283 (15.4-48.4,65) 364 (19.3-54.8;16)
Albuminocytological Samples  43/115 (37.4%) 32/78 (41%) 7/23 (30.4%) 37/99 (37.4%) 6/16 (37.5%)
dissociation
Combined intrathecal syn- ~ Samples  0/57 (0%) 0/45 (0%) 0/10 (0%) 0/36 (0%) 0/8 (0%)
thesis and BCB disruption
CSF total protein
CSF TP, elevated Samples  54/118 (45.8%) 41/78 (52.6%) 8/23 (34.8%) 35/66 (53%) 6/11 (54.5%)
CSF TP all LPs mag/dl 41.75(11-2404;118)  46.55 (17.5-240.4;78) 34 (18.7-75.1,23) 46.55 (17.5-2404,66) 486 (17.7-158.8;11)
CSF TP, if elevated mg/dl 65.35(45.3-240.4,54) 65.7 (45.3-240.4;41) 57.6(45.9-75.1,8) 70 (45.3-2404,35) 63.65 (48.6-158.8,6)
CSFTP>100 mg/dl Samples  12/118 (10.2%) 10/78 (12.8%) 0/23 (0%) 9/66 (13.6%) 1/11 (9.1%)
CSF L-lactate
CSF L-lactate, elevated Samples  26/109 (23.9%) 20/74 (27%) 3/21(14.3%) 17/62 (27.4%) 2/11 (18.2%)
CSF L-lactate, all LPs mmol/I 2.1(1.05-4;109) 2.1(1.28-4;74) 2(1.05-3.04;21) 2.1(1.3-4,62) 2(1.28-34,11)
CSF L-lactate, if elevated  mmol/I 3.04 (2.2-4;26) 3.02 (2.2-4;20) 3.03(2.79-3.043) 2.25(1.3-4;33) 22(14-345)
CSF L-lactate, >3 mmol/l  Samples  14/109 (12.8%) 10/74 (13.5%) 2/21(9.5%) 8/62 (12.9%) 1/11(9.1%)

Results are given as medians (with ranges and sample or patient numbers in brackets) and frequencies (with percentages in brackets), respectively. Note that columns
6and 7 inTables 1, 2, 3, 4, 5 refer to samples obtained within 14 days after neurological onset (‘acute B/SC subgroup’ and ‘acute PN/CN/H subgroup; as defined in the
Patients section); non-stratified data on the total ‘B/SC subgroup’and the total ‘PN/CN/H subgroup’ can be found in the Results section and Fig. 1. Alb alboumin, BCB
bloodCSF barrier, B/SC brain/spinal cord, LP lumbar puncture, PN/CN/H peripheral nerve/cranial nerve/headache only, QAlb CSF/serum albumin ratio, TP total protein.

dl in 34/54 (63%), > 100 and < 150 mg/dl in 5/54 (9.3%),
and exceeded 150 mg/dl in 7/54 (13%). However, CSF
TP levels were elevated not only during the first 14 days
after onset of the neurological symptoms (41/78 [52.6%]
samples) but also later (8/23 [34.8%] samples) (Table 1),

(r=— 0.216, p<0.03; 2 =0.047, p<0.03; N=101 sam-
ples with available data, from 90 patients) and in the ‘B/
SC subgroup’ (r=— 0.257, p<0.02; r*=0.066, p <0.02;
N =288 samples with available data, from 77 patients)
(Fig. 2B).

which is in line with the fact that QAIlb remained ele-
vated > 14 days in several cases as well. The frequency
of CSFE TP elevation did not differ between the acute
‘PN/CN/H subgroup’ and the acute ‘B/SC subgroup;
and median CSF TP levels did not differ between the
two subgroups either; Table 1). As QAlb, CSF TP lev-
els were negatively correlated with the time since onset
of the neurological symptoms both in the total cohort

Cellular immune response

Only 14/128 (10.9%) samples from 12 different patients
exhibited an increased CSF WCC, with a median of
10 cells/pl (Table 2 and Fig. 1D) (WCC not determined
in 3 samples). Only 6 LPs from 5 patients yielded WCC
counts>10 cells/pl. In three of the 14 samples with

(See figure on next page.)

Fig. 1 Albumin CSF/serum ratios (A, B) and CSF concentrations (C), CSF white cell counts (D), CSF total protein (E) and CSF L-lactate

(F) concentrations and IgG, IgM and IgA CSF/serum ratios (G-1) and CSF concentrations (J-L) in patients with COVID-19 and neurological symptoms.
Although some parameters were more markedly or more frequently altered in the ‘B/SC subgroup’than in patients from the ‘PN/CN/H subgroup,
the differences were not statistically significant. N indicates the number of samples tested. Note that the figure shows all samples with available
data; data stratified according to disease duration at the time of LP can be found in Tables 1, 2, 3, 4, 5. Solid lines indicate medians. 8/5C brain spinal
cord, PN/CN/H peripheral nerve/cranial nerve/headache only; IgG/A/M immunoglobulin G/A/M, QlgG/A/M CSF/serum IgG/A/M ratios, QAIb CSF/
serum albumin ratio
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Fig. 1 (See legend on previous page.)
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Fig. 2 Correlation analyses for QAlb (A) and CSF total protein (B), respectively, and days since onset of the neurological symptoms in the total
cohort and in the B/SC subgroup. Although a mildly significant correlation was found for both parameters, it should be noted that both parameters
were still pathologically altered > 14 and even > 30 days after onset of the neurological symptoms in a subset of cases (see Results section and
Table 1 for details). B/SC brain/spinal cord, N number of samples; QAlb aloumin CSF/serum ratio, TP total protein

pleocytosis, blood contamination was noted (1500, 5000,
and 15,500 erythrocytes/pl, respectively). Although
WCC are routinely corrected for blood contamination,
the rules applied (e.g., reduction by 1 leukocyte/1000
erythrocytes) are rather crude, which renders it possible
that the WCC were nevertheless falsely elevated in these
few cases, all the more as the reported WCCs were low.
If these samples are excluded, pleocytosis was present
in only 11/128 (8.6%) samples with available data. The
median WCC was higher in the ‘B/SC subgroup’ than in
the ‘PN/CN/H subgroup; but the difference did not reach
statistical significance (Table 2 and Fig. 1D).

Lymphocytes were the predominant cell type in
patients with pleocytosis and were present in 10/10 sam-
ples with available cytological data (accounting for up
to 99% of all cells), monocytes in 9/10, activated lym-
phocytes in 3/10, neutrophils in 3/10 and plasma cells in
1/10; eosinophils and basophils were absent in all. Blood
contamination was excluded in 9/10 (no data available in
1), including in the few with neutrophil pleocytosis.

The WCC exceeded 100 cells/pl in only 4 samples from
3 patients. The diagnoses in these cases included “fever,
acute aphasia, apathy” (651 cells/pl at first LP and 373
cells/ul 7 days later; lymphomonocytic; CSF L-lactate 2.8
and 2.6 mmol/]; glucose CSF/serum ratio 63%; massive
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BCB dysfunction; LP performed 5 and 12 days after
onset of non-neurological symptoms and 1 and 8 days
after onset of neurological symptoms; almost complete
recovery); “meningitis, fever, and moderate headache”
(510 cells/ul; 68% neutrophils; CSF L-lactate 3.3 mmol/];
glucose CSF serum ratio 53%; BCB dysfunction; LP per-
formed around 26 days after onset of non-neurological
and 5 days after onset of neurological symptoms; full
recovery); and “headache, meningism, cognitive impair-
ment, later motor aphasia, flexion synergy” (9 cells/pl
3 days and 247 cells/ul 5 days after onset of the neuro-
logical symptoms; 85 and 92% lymphocytes, respectively,
12 and 4% neutrophils, 2 and 3% monocytes, and 3%
plasma cells and 1% activated lymphocytes at second LP;
full recovery).

Diagnoses in the remaining patients with pleocytosis,
all with only slightly elevated WCC, included encepha-
lopathy with seizures in two (8 and 23 cells/ul, respec-
tively), multifocal myelitis with paraplegia/paraparesis
in two (10 and 8 cells/ul, respectively), multiple brain
infarctions in one (10 cells/ul), GBS (6 cells/pl), paresis,
ataxia and dysesthesia in one (8 cells/pl), and abducens
palsy in one (8 cells/ul).

While WCC>100 occurred only in the ‘B/SC sub-
group, median WCCs did not differ between the acute ‘B/
SC subgroup’ (2 cells/pl) and the acute ‘PN/CN/H sub-
group’ (2 cells/pl), reflecting the low overall frequency of
pleocytosis in both subgroups. The pleocytosis rate was
slightly higher in the former group but the difference did
not reach statistical significance.
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Table 2 CSF white cell counts and cytology results in group I. WCC in the various subgroups
Units Total <14d >14d Acute B/SC Acute PN/CN/H
subgroup subgroup
Pleocytosis Samples 14/128 (10.9%) 12/88 (13.6%) 2/26 (7.7%) 11/71 (15.5%) 1/16 (6.3%)
WCC, all samples Cells/ul 2 (0-651;128) 2 (0-651;88) 1(0-8;26) 2 (0-651;70) 2 (0-8;16)
WCC, if elevated Cells/ul 10 (6-651;14) 11 (8-651;12) 7 (6-8;2) 12 (8-651;11) 8(8-8;1)
WCC, > 100 Samples 4/128 (3.1%) 4/88 (4.5%) 0/26 (0%) 4/71 (5.6%) 0/16 (0%)
WCC,if >100 Cells/ul 4415 (247-651;4) 4415 (247-6514) na.(n.a;0) 4415 (247-6514)  na.(n.a;0)
Lymphocytes Samples 66/80 (82.5%) 47/56 (83.9%) 14/18 (77.8%) 36/44 (81.8%) 10/11 (90.9%)
Monocytes Samples 67/80 (83.8%) 49/56 (87.5%) 13/18 (72.2%) 37/44 (84.1%) 11/11 (100%)
Neutrophils Samples 17/80 (21.3%) 14/56 (25%) 2/18 (11.1%) 10/44 (22.7%) 1 (36.4%)
Eosinophils Samples 0/80 (0%) 0/56 (0%) 8 (0%) 0/44 (0%) 0/11 (0%)
Basophils Samples 0/80 (0%) 0/56 (0%) 8 (0%) 0/44 (0%) 0/11 (0%)
Plasma cells Samples 2/80 (2.5%) 1/56 (1.8%) 8 (5.6%) 1/44 (2.3%) 0/11 (0%)
Lymphoid cells Samples 7/80 (8.8%) 5/56 (8.9%) 2/18( 1.1%) 3/44 (6.8%) 2/11 (18.2%)
Macrophages Samples 2/80 (2.5%) 2/56 (3.6%) 0/18 (0%) 1/44 (2.3%) 1/11(9.1%)
No pleocytosis Samples 114/128 (89.1%) 76/88 (86.4%) 24/26 (92.3%) 60/71 (84.5%) 15/16 (93.8%)

Results are given as medians (with ranges and sample numbers in brackets) and frequencies (with percentages in brackets), respectively

B/SC brain/spinal cord, CSF cerebropinal fluid, PN/CN/H peripheral nerve/cranial nerve/headache only, WCC white cell count

Albuminocytological dissociation

A so-called “albuminocytological dissociation” (ACD),
i.e., elevated CSF TP in the absence of CSF pleocytosis,
was found in 43/115 (37.4%) samples or 41/101 patients
with available data (median TP concentration 64 mg/
dl, up to 164.1 mg/dl). This included not only 6 samples
from the ‘PN/CN/H’ subgroup but also 37 samples from
the ‘B/SC subgroup’ The number increased only slightly
(N=45) when allowing for mild pleocytosis (<10 cells/
ul). Of all samples with elevated CSF TP and available
WCC (N=53), 81.3% exhibited an ACD.

If ACD is defined with reference to albumin instead
of TP, 47 samples with elevated QAIb (from 47 different
patients) of 58 tested (81%) showed an ACD (including
9/10 samples tested from the ‘PN/CN/H subgroup’ and
38/48 (79.2%) samples from the ‘B/SC subgroup’). ACD
was associated with stroke in only five of these patients
and in 2 with (micro)hemorrhages. If not only samples
with BCB dysfunction but all samples with available
data are considered, ACD was present in 47/113 (41.6%)
samples.

CSF L-lactate

Of note, CSF Lr-lactate levels were increased in 26/109
(23.9%) CSF samples tested (and at least once in 25/97
[25.8%] patients tested), with a median concentration of
3.04 mmol/l (range 2.2-4) (Fig. 1F). Elevated L-lactate
levels were found more frequently in samples taken dur-
ing the first 14 days after onset of neurological symp-
toms than in samples taken later (27%, N="74 vs. 14.3%,

N=21); however, the difference did not reach statistical
significance (Table 1).

Elevation of CSF L-lactate levels was observed at
slightly higher frequency in the acute ‘B/SC subgroup’
than in the acute ‘PN/CN/H subgroup’ (27.4%, N=62 vs.
18.2%, N=11; p=n.s.). Median CSF L-lactate concentra-
tions did not differ between the two subgroups (2.1 vs.
2 mmol/l) (Table 1).

Of those samples with elevated CSF L-lactate, the WCC
was elevated in only 5 (and neutrophils in none), and the
frequency of CSF L-lactate elevation did not differ sig-
nificantly between samples with and without neutrophil
granulocytes (40% [4/10] vs. 35% [13/37]), widely rul-
ing out neutrophil pleocytosis as a major cause of CSF
L-lactate elevation in our patients. However, a weak yet
significant positive correlation of rL-lactate with the CSF
WCC was found (r=0.199, p<0.04; r*=0.04, p<0.04;
N=109 samples with available data, from 97 patients).
L-Lactate levels were also significantly higher in patients
who required ventilation at the time of LP or within
1 week before or after LP (median 2.2 vs. 1.75 mmol/];
p<0.00002). Finally, CSF L-lactate levels correlated
with QAIb (r=0.307, p<0.003; *=0.094, p<0.003;
N=96 samples with available data, from 87 patients)
and, accordingly, also with CSF total protein (r=0.237,
p<0.02; #=0.056, p<0.02; N=106 samples with avail-
able data, from 95 patients). The correlation of L-lactate
with QAIb was much stronger after exclusion of samples
with unusually high QAIb values>30 x 107 (r*=0.24;
p<0.0001; N=91 samples with available data, from 85
patients) (Fig. 3B).
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CSFE L-lactate levels were also significantly higher
(»<0.002) and CSF L-lactate elevation significantly more
frequent (76.5 vs. 17%; p<0.00001) in patients with ele-
vated QAID than in those with normal QAlb.

Intrathecal IgG synthesis

In 58/103 (56.3%) samples of group I tested, identical
oligoclonal IgG bands in serum and CSF with no addi-
tional CSF-restricted bands (the so-called ‘mirror pat-
tern’ or ‘OCB pattern 4’ [21, 22, 35]) were present, a
pattern thought to reflect extrathecal immune activa-
tion and passive diffusion of peripheral oligoclonal IgG
from the serum into the CSF. By contrast, CSF-restricted
OCSB, indicative of intrathecal IgG synthesis [21, 22, 35],
were positive in only 2/103 (1.9%) samples (pattern 3 in
both, pattern 2 in none) or 2/96 (2.1%) patients. QIgG,
another, albeit less sensitive, marker of intrathecal IgG
synthesis, was elevated (8.3; Qy;,[IgG] 5.6) in just 1/115
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(1%) samples or 1/106 (0.9%) patients tested, namely in
a patient with CSF-restricted OCB and multiple brain
infarctions (Table 3 and Fig. 1G). In this patient, the
intrathecal IgG fraction was 32%, corroborating the
positive OCB result, which corresponded to an abso-
lute amount of intrathecally produced IgG of 38 mg/l
In the second patient with CSF-restricted OCB, QIgG
was particularly low (1.86) and did not exceed Qy;,,(IgG).
However, low amounts of intrathecal IgG may in fact be
detectable only by isoelectric focusing but not by QIgG
determination; of note this patient was one of only two
with elevated QIgM (see below). In the first patient, no
pre- or coexisting condition known to cause OCB posi-
tivity has been detected as of last follow-up; the second
patient had been previously diagnosed with mild demen-
tia of unknown cause. Pattern 5, indicating monoclo-
nal gammopathy, was present in 1/103 samples (1%),
obtained from a patient with punctate multiple ischemia

Table 3 Frequency of intrathecal 1gG synthesis, oligoclonal IgG patterns, IgG CSF/serum ratios, intrathecal IgG fractions, absolute
amount of locally produced IgG, and absolute IgG concentrations in the CSF and serum in group |

Units Total <14d >14d Acute B/SC Acute PN/C/H
subgroup subgroup
Intrathecal IgG synthesis

OCB positive or IgG-IF>10%  Samples 2/103 (1.9%) 1/71 (1.4%) 0/21 (0%) 1/57 (1.8%) 0/13 (0%)

OCB positive Samples 2/103 (1.9%) 1/71 (1.4%) 0/21 (0%) 1/56 (1.8%) 0/12 (0%)

OCB pattern 1 Samples 42/103 (40.8%) 33/71 (46.5%) 6/21 (28.6%) 23/56 (41.1%) 9/12 (75%)

OCB pattern 2 Samples 0/103 (0%) 0/71 (0%) 0/21 (0%) 0/56 (0%) 0/12 (0%)

OCB pattern 3 Samples 2/103 (1.9%) 1/71 (1.4%) 0/21 (0%) 1/56 (1.8%) 0/12 (0%)

OCB pattern 4 Samples 58/103 (56.3%) 36/71 (50.7%) 15/21 (71.4%) 31/56 (55.4%) 3/12 (25%)

OCB pattern 5 Samples 1/103 (1%) 1/71 (1.4%) 0/21 (0%) 1/56 (1.8%) 0/12 (0%)

OCB pattern 2 or 3 Samples 2/103 (1.9%) 1/71 (1.4%) 0/21 (0%) 1/56 (1.8%) 0/12 (0%)

OCB pattern 3 or 4 Samples 60/103 (58.3%) 37/71(52.1%) 15/21 (71.4%) 32/56 (57.1%) 3/12 (25%)

OCB pattern 1,4, or 5 Samples 101/103 (98.1%) 70/71 (98.6%) 21/21 (100%) 32/56 (98.2%) 3/12 (100%)

QlgG>Qlim(IgG) Samples 1/115 (1%) 1/81 (1%) 0/21 (0%) 1/64 (1.6%) 0/16 (0%)

QlgG, all LPs - 3.7(0.9-22.4,115) 3.8 (1-224;81) 4.1 (1.2-6.821) 3.85(1.54-22.4,64) 3.7(0.96-12.1;16)

QlgG, if positive - 8.3(8.3-83;1) 83(83-83;1) na.(n.a,0) 8.25(825-8.251) n.a.(n.a;0)

IgG-IF, all LPs % IgG(CSF)  0(0-32.2,115) 0(0-32.2,81) 0(0-0;21) 0(0-32.2,64) 0(0-0;16)

|gG-IF, QlgG positives % IgG(CSF) 322 (32.2-32.2;1) 32.2(322-32.2;1)  na.(na;0) 32.2(32.2-32.2;1) n.a. (n.a.;0)

IgG-IF,>10% Samples 1/115 (0.9%) 1/81 (1.2%) 0/21 (0%) 1/64 (1.6%) 0/16 (0%)

IgG-loc, all LPs ma/I 0(0-38;115) 0(0-38;81) 0 (0-0;21) 0 (0-38,64) n.a.(n.a.;0)

IgG-loc, QlgG positives ma/I 38(38-38;1) 38(38-38;1) na.(n.a,0) 38(38-38;1) na.(n.a.0)

IgG CSF, all LPs ma/I 404 (6.2-239;115) 41.7 (8-239,81) 404 (9.6-69;21) 4375 (12-239,64)  34.95(8-135;16)

1gG CSF, QIgG positives ma/I 118 (118-118;1) 118 (118-118;1) n.a. (n.a.0) 118 (118-118;1) n.a. (n.a.0)

1gG serum, all LPs g/l 113(34-288;120)  11.3(3.4-21.1,81) 10.7 (6.1-18.2,22)  1145(34-21.1,64) 11 (6.34-18.2,16)

1gG serum, QIgG positives g/l 143 (14.3-14.3;1) 143 (143-143;1) na.(n.a;0) 143 (14.3-14.3;1) n.a. (n.a.0)

IgG serum, elevated Samples 12/120 (10%) 5/81 (6.2%) 1/22 (4.5%) 4/64 (6.3%) 1/16 (6.3%)

Link index, all Samples 1/114 (1%) 1/80 (1%) 0/21 (0%) 1/63 (1.6%) 0/16 (0%)

Link index, if positive Index 1.1 (1-100) 1.10-100) n.a.(n.a;0) 1.1 (1.-1.10) n.a.(n.a,;0)

Quotients, indices, concentrations, and fractions are given as medians (with ranges and sample numbers in brackets). B/SC brain/spinal cord, PN/CN/H peripheral
nerve/cranial nerve/headache only, OCB oligoclonal IgG bands, QlgG/A/M CSF/serum IgG/A/M ratio, IgG/A/M IF intrathecally produced IgG/IgA/IgM fraction; IgG/A/M
loc locally (intrathecally) produced IgG/A/M; LP lumbar puncture
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on brain MR], bilateral visual impairment, decreased vig-
ilance, and capillary leak syndrome. Altogether, intrathe-
cal IgG synthesis was very rare and even below the rate
reported in healthy central European volunteers [36].

Unfortunately, CSF SARS-CoV-2-IgG was determined
in none of the 2 patients with CSF-restricted OCB; a
SARS-CoV-2 CSF PCR was performed in one and was
negative. In the only patient with pattern 5 OCB, no
SARS-CoV-2-IgG was found in the CSF and SARS-CoV-2
CSF PCR was negative, suggesting that the monoclonal
band observed in this case was likely unrelated to SARS-
CoV-2 infection.

The frequency of pattern 4 (‘mirror pattern; i.e. iden-
tical OCB in serum and CSF) [21, 22, 35] was higher in
samples obtained>14 days after onset of neurological
symptoms (71.4%) than in samples obtained earlier, pos-
sibly reflecting the increase in systemic SARS-CoV-2
antibody production as well as general immune activa-
tion during the first few weeks after infection. In con-
trast, the proportion of patients with pattern 1 (no OCB),
declined over time (<14 days: 46.5%, N="71;>14 days:
28.6%, N =21), although the difference did not reach sta-
tistical significance.

Of note, CSF IgG concentrations exceeded the upper
reference limit of 40 mg/1 in 50/100 (50%) OCB-negative
samples tested (Table 3). However, this must not be mis-
taken for evidence of an intrathecal immune response
in COVID-19. In none of these cases, QIgG was ele-
vated, indicating that the increased CSF concentrations
were caused by passive transfer of IgG rather and not by
intrathecal synthesis. Indeed, QAlb, indicating a leaky
BCB, was increased in 80% (40/50) of these patients,
but in only 20% (10/50) of those with normal CSF IgG
values and available data. Moreover, CSF IgG values
were strongly dependent on QAlb, both among patients
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with elevated QAIb (r=0.863, p<0.00001; r*=0.745,
»<0.00001; N=57 samples with available data, from 54
patients) and in the total cohort (r=0.871, p<0.00001;
?=0.759, p<0.00001; N=115 samples with available
data, from 106 patients) (Fig. 3C, D). QAlb was predic-
tive of CSF IgG in those exceeding the reference limit
of 40 mg/l (r=0.83, p<0.00001; r*=0.689, p<0.00001;
N =58 samples with available data, from 53 patients) but
serum IgG levels were not, suggesting that elevated CSF
IgG levels were mainly driven by BCB dysfunction.

Neither CSF IgG levels (43.75 mg/l, N=64 vs.
34.95 mg/l, N=16) nor median IgG CSF/serum ratios
(3.85, N=64 vs. 3.7, N=16) differed significantly
between the acute ‘B/SC subgroup’ and the ‘PN/CN/H
subgroup’ Similarly, no significant difference in median
CSF IgG levels (41.7 mg/l, N=81 vs. 40.4 mg/l, N=21)
or median QIgG values (3.8, N=81 vs. 4.1, N=21) was
observed between samples taken during the first 14 days
after onset of neurological symptoms and those taken
later.

Serum IgG levels were elevated (> 16 g/l) in 12 samples
(10%; from 11 patients) out of 120 samples tested. Six of
these patients were tested for serum SARS-CoV-2-IgG
and 5/6 were positive. Median serum IgG concentra-
tions did not differ significantly between acute samples
(<14 days after onset of neurological symptoms) and
samples obtained later (Table 3) nor between the ‘B/
SC subgroup’ and the PN/CN/H subgroup’ (Table 3
and Fig. 4A). Median serum IgG levels were higher in
samples from patients with positive serum SARS-CoV-
2-IgG than in the few samples from SARS-CoV-2-IgG-
seronegative patients (11.25 g/l [N=46] vs. 8.30 g/l
[N=7]); however, the difference did not reach statistical
significance.
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Table 4 Frequency of intrathecal IgM and IgA synthesis, IgM and IgA CSF/serum ratios, intrathecal IgM and IgA fractions, amount of
locally produced IgM and IgA, and absolute IgM and IgA concentrations in the CSF and serum in group |

Units Total <14d >14d Acute B/SC Acute PN/CN/H
subgroup subgroup
Intrathecal IgA synthesis

QIgA>Qlim(IgA) Samples 17101 (1%) 0/72 (0%) 1/19 (5%) 0/59 (0%) 0/12 (0%)

QlgA, all LPs - 2.1(04-17.6;101) 2.1(06-17.6;72) 24(0.7-6.6;,19) 2.19(0.56-17.6;59) 1.78 (0.69-7;12)

QlgA, if positive - 6.6 (6.6-6.6;1) n.a.(n.a.0) 6.6 (6.6-6.6;1) n.a. (n.a.0) n.a. (n.a.0)

IgA-IF, all LPs % IgA(CSF)  0(0-3.2,101) 0(0-0;72) 0(0-3.2,19) 0 (0-0;59) 0(0-0;12)

IgA-IF, QIgA positives % IgA(CSF)  32(3.2-3.2,1) n.a. (n.a.0) 32(3.2-3.2;1) n.a.(n.a.,;0) n.a.(n.a.,;0)

IgA-IF, > 10% Samples 0/101 (0%) 0/72 (0%) 0/19 (0%) 0/59 (0%) 0/12 (0%)

IgA-log, all LPs mg/I 0(0-0.8;101) 0(0-0;72) 0(0-0.8;19) 0(0-0;59) 0(0-0;12)

IgA-loc, QIgA positives ma/I 0.8 (0.8-0.8;1) n.a.(n.a.0) 0.8 (0.8-0.8;1) n.a. (n.a.0) n.a. (n.a.0)

IgA CSF ma/I 6.04 (0.9-56.3;101) 6.38 (1.02-56.3;72)  7.01 (1-26.1;19) 7.01 (1.29-56.3,59) 5.22(1.02-28.5;12)

IgA serum g/l 3.11(0.87-7.29,106)  3.1(0.87-7.29;72)  3.16(0.9-6.520)  3.1(0.87-7.29,59) 2.89(1-6.14;12)

IgA serum, elevated Samples 31/106 (29%) 20/72 (27.8%) 7/20 (35%) 16/59 (27%) 4/12 (33%)

Intrathecal IgM synthesis

QlgM>Qlim(IgM) Samples 4/100 (4%) 2/72 (3%) 0/19 (0%) 2/58 (3%) 0/13 (0%)

QIgM, all LPs - 0.5 (0.1-20.2;100) 0.5(0.1-20.2,72) 0.4 (0.1-1.6;19) 0.56 (0.11-20.2;58) 0.5 (0.16-4.96;13)

QlIgM, if positive - 4.2 (1-20.2;4) 12.6 (4.9-20.2;2) na 12.56 (4.9-20.2;2) n.a.(n.a.0)

IgM-IF, all LPs % IgM(CSF) 0 (0-49.2;100) 0(0-12.1;72) 0(0-0;19) 0(0-12.1,58) 0(0-0;13)

IgM-IF, QIgM positives % IgM(CSF) ~ 21.7 (11.6-49.2;4) 11.8(11.6-12.1,2) n.a.(n.a.0) 11.8(11.6-12.1,2) na.(n.a.0)

IgM-IF, > 10% Samples 4/100 (4%) 2/72 (2.8%) 0/19 (0%) 2/58 (3.4%) 0/13 (0%)

IgM-log, all LPs ma/I 0 (0-2.1;100) 0(0-2.1;72) 0(0-0;19) 0(0-2.1;58) 0(0-0;13)

IgM-loc, QIgM positives  mg/I 0.88 (046-2.11;4) 1.32(0.53-2.11;2) n.a 13(0.5-2.1;2) n.a. (n.a.0)

lgM CSF ma/I 0.49 (0.1-18.2;,100) 0.5(0.1-18.2,72) 0.49 (0.2-2.54;,19)  0.5(0.14-18.2,58) 044 (0.1-6.2;13)

IgM serum g/l 0.86 (0.04-3.98;106) 0.9 (0.1-3.98;73) 0.81(0.31-2.1;19) 0.9 (0.1-3.98;59) 0.9(0.5-2.51;13)

IgM serum, elevated Samples 6/106 (6%) 5/73 (6.8%) 0/19 (0%) 4/59 (7%) 1/13 (8%)

Quotients, concentrations, and fractions are given as medians (with ranges and samples numbes in brackets). B/SC brain spinal cord, PN/CN/H peripheral nerve/
cranial nerve/headache only, QlgG/A/M CSF/serum IgG/A/M ratio, IgG/A/M IF intrathecally produced IgG/IgA/IgM fraction, IgG/A/M loc locally (intrathecally) produced

IgG/A/M, LP lumbar puncture

Intrathecal IgA synthesis

Intrathecal IgM synthesis

QIgA was increased in just 1/101 (1%) samples tested
(Table 4 and Fig. 1H), obtained from a patient with
disturbed consciousness (QIgA=6.6). However, the
intrathecal fraction (3.2%) and the absolute amount of
intrathecally produced IgA (0.8 mg/l) were very low in
this case, leaving the possibility of a false-positive result.

Notably, IgA serum levels were elevated (>4 g/l) in
31 samples (29%; from 29 patients) out of 106 sam-
ples tested in group I, ranging between 4.1 and
7.3 g/l (median 5). Of these samples, 8 were tested
for SARS-CoV-2-IgA and 6/8 were positive. Median
CSF and serum IgA concentrations and CSF/serum
ratios did not differ significantly between samples
obtained <14 days since onset of the neurological
symptoms and samples obtained later (Table 4) nor
between the ‘B/SC subgroup’ and the ‘PN/CN/H sub-
group’ (Table 4 and Fig. 4C), although median values
were all slightly higher in the former subgroup.

QIgM was increased in only 4/100 (4%) samples (1-20.2)
tested from 3 patients in group I, including the above-
mentioned patient with pre-existing mild dementia and
CSE-restricted OCB but normal QIgG. In these 4 sam-
ples, the median fraction of intrathecally produced IgM
was 22% (12, 12, 31 and 49%, respectively) and thus > 10%
(considered indicative of true-positive intrathecal syn-
thesis [20]) in all cases. The absolute amount of intrathe-
cally produced IgM in these samples was 0.46-2.11 mg/l,
respectively (Table 4). Erythrocyte counts were <2500/
pl in all four cases (0, 0,"<100","<1000"), which argues
against a major effect of blood contamination on QIgM
levels [37].

Serum IgM levels were elevated (>2.3 g/l) in 6 samples
(6%; from 6 patients) out of 106 samples tested (none
of the six samples was tested for SARS-CoV-2-IgM).
Median CSF and serum IgM concentrations and CSF/
serum ratios did not differ significantly between samples
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Table 5 Immunoglobulin class response patterns (ICRPs) in group |
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Units Total <14d >14d Acute B/SC Acute PN/CN/H
subgroup subgroup
a. Based on Qlg > Qlim(lg)
3-class reaction Samples 0/99 (0%) 0/71 (0%) 0/19 (0%) 0/58 (0%) 0/12 (0%)
2-class reaction Samples 0/99 (0%) 0/71 (0%) 0/19 (0%) 0/58 (0%) 0/12 (0%)
1gG+IgM Samples 0/99 (0%) 0/71 (0%) 0/19 (0%)
IgG+IgA Samples 0/99 (0%) 0/71 (0%) 0/19 (0%)
IgM +IgA Samples 0/99 (0%) 0/71 (0%) 0/19 (0%)
1-class reaction Samples 6/99 (6.1%) 3/71 (4.2%) 1/19 (5.3%) 3/58 (5.2%) 0/12 (0%)
Only IgG Samples 1/99 (1%) 1/71 (1.4%) 0/19 (0%)
Only IgM Samples 4/99 (4%) 2/71 (2.8%) 0/19 (0%)
Only IgA Samples 1/99 (1%) 0/71 (0%) 1/19 (5.3%)
b. Based on Ig-IF > 10%
3-class reaction Samples 0/99 (0%) 0/71 (0%) 0/19 (0%) 0/58 (0%) 0/12 (0%)
2-class reaction Samples 0/99 (0%) 0/71 (0%) 0/19 (0%) 0/58 (0%) 0/12 (0%)
lgG+IgM Samples 0/99 (0%) 0/71 (0%) 0/19 (0%)
IgG+IgA Samples 0/99 (0%) 0/71 (0%) 0/19 (0%)
[gM +IgA Samples 0/99 (0%) 0/71 (0%) 0/19 (0%)
1-class reaction Samples 5/99 (5.1%) 3/71 (4.2%) 0/19 (0%) 3/58 (5.2%) 0/12 (0%)
Only IgG Samples 1/99 (1%) 1/71 (1.4%) 0/19 (0%)
Only IgM Samples 4/99 (4%) 2/71 (2.8%) 0/19 (0%)
Only IgA Samples 0/99 (0%) 0/71 (0%) 0/19 (0%)

ICRPs have been shown to be of differential diagnostic relevance in various neurological disorders [13, 14, 19, 20, 35]

obtained <14 days after onset of neurological symp-
toms and samples obtained later (Table 4) and also not
between the ‘B/SC subgroup’ and the PN/CN/H sub-
group’ (Table 4 and Fig. 4B).

Immunoglobulin (lg) class patterns

None out of 99 (0%) samples from 90 SARS-CoV-2-pos-
itive patients tested in group I exhibited the three-class-
reaction (as defined by elevation of QIgG, QIgM and
QIgA) or two-class-reaction (defined by either positive
QIgG and QIgM, positive QIgM and QIgA, or positive
QIgG and QIgA), based on QIg> Qy;,,,(Ig) (Table 5), often
seen in viral and bacterial infections of the CNS.

Intrathecal Ig synthesis was restricted to one immuno-
globulin class in 6/99 (6.1%) samples with available data
(IgG in 1; IgM in 4; IgA in 1) from 5 patients based on
Ig CSF/serum ratios and in 5/99 (5.1%) samples based on
Ig-IF >10% (Table 5).

In one (IgM-IF 32%) out of 5 patients with intrathecal
IgM and/or IgA synthesis but no quantitative evidence of
intrathecal IgG synthesis, at least qualitative evidence for
intrathecal IgG synthesis (i.e., CSF-restricted IgG OCB)
was detectable.

SARS-CoV-2 antibody indices

In total, 70 individual SARS-CoV-2-IgG, -IgM or -IgA Al
tests were performed in group 1. This included 46 indi-
vidual SARS-CoV-2-IgG Al determinations (13 x Als
for nucleocapsid [N]; 18 x spike protein subunit 1 [S1];
13 x spike protein subunit 2 [S2]; 1 x mixture of N, S1 and
S2; 1 x antigens not documented) in 20 samples from 19
patients. Remarkably, only 1 sample yielded an unequivo-
cally positive result (AI>1.5), indicating that COVID-19
with neurological involvement is not associated with sub-
stantial intrathecal IgG synthesis against SARS-CoV-2 in
the majority of cases, at least not in the acute stage shortly
after onset of the neurological symptoms (the median
interval for all patients tested was 5 days; range 1-49), i.e.,
at the time when LP is mostly performed.

In that sample, elevated IgG Al for the SARS-CoV-
2-N (4.8), the SARS-CoV-2-S1 (6.9) and the SARS-CoV-
2-S2 (2.2) antigens were found, and, in addition, positive
SARS-CoV-2-IgM AI (N: 2.4, S1: 6.5, S2: 5) and positive
SARS-CoV-2-IgA AI (N: 1.8, S2: 2.8; S1: normal [1.25]).
By contrast, total IgG OCB were negative, suggesting that
intrathecally produced SARS-CoV-2-IgG contributed rel-
atively little to the total IgG concentration in the CNS. Of
note, the sample exhibited an unusually high WCC (247
cells/pl).
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In a further patient—one of only two other patients in
this cohort with a WCC>50 (510 cells/ul) —, the SARS-
CoV-2-N-IgG Al was 1.35. According to current guide-
lines [35], AI values > 1.3 should be considered positive if
substantially higher than other Als in the same sample,
based on the assumption that immunoglobulin molecules
of the same isotype should pass the BBB at the same
rate, irrespective of their epitope specificity. Thus, based
on the marked difference between the observed IgG-Al
of 1.35 for SARS-CoV-2 and the very low VZV-IgG-Al
(<0.5) found in the same paired CSF/serum samples,
intrathecal synthesis to SARS-CoV-2 likely occurred also
in this case [35]. The SARS-CoV-2-IgA Al and the SARS-
CoV-2-IgM Al were not tested in this patient.

Both patients belonged to the ‘B/SC subgroup! In
both samples QAIb was elevated (QAlb=35.6 x 1073 and
7.4 x 1073, respectively).

SARS-CoV-2-IgM AI and SARS-CoV-2-IgA Al were
tested in three additional patients (all with a normal
SARS-CoV-2-IgG AI) but were elevated in none (Table 6).

Importantly, the median interval between onset of the
neurological symptoms and Al testing was not longer in
the Al-positive subgroup (4 days; range 4—4) than in the
Al-negative subgroup (5.5 days; range 1-49).

As a limitation, different assays were used to determine
SARS-CoV-2 Al at different centers. While in-house
assays were used by one center (University Hospital
Zurich, Switzerland) [38], commercial assays manufac-
tured by Euroimmun (Liibeck, Germany) and Generic
Assays (Berlin, Germany) were adapted and used for CSF
analysis by others. No officially approved SARS-CoV-
2-Al assays are currently available in Europe.

CSF SARS-CoV-2-1gG

Absolute SARS-CoV-2-IgG concentrations in the CSF
exceeded the assay-specific upper reference levels in
20/29 (69%) samples tested in group I (Table 6), including
the two SARS-CoV-2-IgG-Al-positive samples. 13 sam-
ples were tested separately for CSF IgG against N, S1 and
S2; the 8 positives among these samples all reacted against
all three antigens (and the 5fff negative samples were neg-
ative for SARS-CoV-2-IgG against all three antigens).

In addition, SARS-CoV-2 CSF IgM and IgA levels were
elevated in 1/4 (25%) and 1/4 (25%) samples tested, respec-
tively, namely in the patient with a high WCC (247 cells/pl)
and a positive SARS-CoV-2-IgG Al mentioned above.

SARS-CoV-2 CSF PCR

Of particular note, CSF PCR for SARS-CoV-2 was nega-
tive in 76/76 (100%) samples from 75 patients with neu-
rological symptoms tested in group I, including those
with an increased SARS-CoV-2-IgG (and -IgM) Al all of
those with a WCC>50, and 63/63 from patients with B/
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Table 6 Antibody indices, CSF antibody concentrations
and CSF PCR results for SARS-CoV-2, numerous other viruses,
including herpes simplex virus (HSV), varicella zoster virus (VZV),
cytomegalovirus (CMV), Epstein Barr virus (EBV), human herpes
virus 6 (HHV6), measles virus (M), and rubella virus (R), and
Borrelia burgdorferi (BB) in group |

Units Total cohort
Positive antibody indices
Al SARS-CoV-2, I9G Samples 2/20 (10%)
Patients 2/19 (10.5%)
Al SARS-CoV-2, IgM Samples 1/4 (25%)
Patients 1/4 (25%)
Al SARS-CoV-2, IgA Samples 1/4 (25%)
Patients 1/4 (25%)
AlHSVY, IgG Samples 1/22 (4.5%)
Al EBV, IgG Samples 0/4 (0%)
Al CMV, IgG Samples 0/11 (0%)
Al B. burgdorferi, IgG Samples 0/21 (0%)
Al B. burgdorferi, IgM Samples 1/18 (5.6%)
Al measles virus (M), IgG Samples 0/1 (0%)
Al rubella virus (R), IgG Samples 0/1 (0%)
Al varicella zoster virus (2), IgG Samples 1/20 (5%)
MRZ reaction (M+R, M+Z7,R+Z, or Samples 0/1 (0%)
M+R+2)
Patients 0/1 (0%)
Elevated CSF antibody levels
SARS-CoV-2, 1gG Samples 20/29 (69%)
Patients 20/28 (71.4%)
SARS-CoV-2, IgM Samples 1/4 (25%)
Patients 1/4 (25%)
SARS-CoV-2, IgA Samples 1/4 (25%)
Patients 1/4 (25%)
Positive CSF PCR
SARS-CoV-2 Samples 0/76 (0%)
Patients 0/75 (0%)
HSV Samples 0/59 (0%)
VzZV Samples 1/21 (4.8%)
(@Y Samples 0/20 (0%)
EBV Samples 0/6 (0%)
HHV6 Samples 0/5 (0%)
Neurotropic viruses (panel) Samples 1/2 (50%)

SC involvement (with neurological symptoms classified
as “severe” in 41 of them). The median time between neu-
rological onset and PCR was just 5 days (percentile range
[0.1-0.9] 1-25). However, 26 samples were taken 7 or
more days and 15 of these 14 or more days after neuro-
logical onset. PCR was negative in 69 initial CSF samples
and 6 CSF samples obtained at follow-up LP (in 6 differ-
ent patients). CNS tissue PCR from biopsy or autopsy
samples was performed in none of the patients.



Jarius et al. Journal of Neuroinflammation 2022, 19(1):19

CSF PCR for other viruses

Results from 113 further PCR tests in 32 samples from 30
patients were available for analysis (59 x HSV, 20 x CMYV,
6 x EBV, 5xHHV6, and 2 xpanel PCR neurotropic
viruses) (Table 6). In one patient, viral metagenome anal-
yses were weakly positive for pegivirus. In another one,
CSF VZV PCR was low positive with 150 copies/ml, but
no diagnosis of VZV encephalitis was made (6 cells/pl;
final diagnosis: GBS). All other tests were negative.

MRZ reaction

Measles virus (M), rubella virus (R), and varicella zoster
virus (Z) IgG Al results were available for only a small
number of samples (N =22) in group I. Moreover, all three
AT were tested only in 1 sample and two Al in 0 samples.
A positive Z-Al was found in 1/20 (5%) samples (AI=2.2,
cut-off 1.5; negative panel PCR for neurotropic viruses
and negative EBV PCR; hyposmia, severe COVID-19
requiring mechanical ventilation, pre-existing rheumatoid
arthritis; serum SARS-CoV-2-IgG positive, SARS-CoV-
2-1gG-Al not determined), a positive M-AI in 0/1 (0%),
and a positive R-Al in 0/1 (0%). A positive MRZ reaction,
as defined by the presence of a positive IgG Al for at least
two of its three constituents M, R and Z (i.e. by any of the
following combinations: MR, MZ, RZ, or MRZ), which is
detectable in around 63% of cases in MS [39], was absent
in the only patient with available data (Table 6).

Other antibody indices

A total of 76 further Al tests were conducted in 40 sam-
ples in group I. A positive IgG Al (1.7; cut-off 1.5) for
herpes simplex virus (HSV) was found in 1/22 (4.5%)
samples tested. While symptoms were generally com-
patible with HSVE in this patient (acute disorientation,
personality changes, encephalopathy), HSV-PCR was
negative and no CSF pleocytosis present; in consequence,
no diagnosis of HSVE was made by the then treating
physicians. SARS-CoV-2-Al testing was not done in this
case. None of the patients tested had a positive IgG-Al
for Borrelia burgdorferi (BB), CMV, or EBV; one patient
exhibited a borderline positive (1.6; cut-off 1.5) IgM-
Alfor BB (Table 6).

Anti-neuronal and anti-glial antibodies

Over the past few decades, a multitude of anti-neural
autoantibodies have been identified in patients with auto-
immune encephalitis, myelitis, or polyneuropathy, some of
which are considered to be directly pathogenic, and a para-
or postinfectious etiology has been suggested for some of
these reactivities [40, 41]. Not all centers routinely test for
anti-neural antibodies in patients with neurological symp-
toms of uncertain cause, and antibody panels differ among
centers. In this cohort, 54 samples from 48 patients in
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group I were tested for anti-neuronal, anti-glial and—in a
few cases—anti-muscle autoantibodies. Overall, 1509 indi-
vidual autoantibody results were documented, comprising
743 CSF tests and 766 serum tests. This included 716 CSE
and 723 serum results from the ‘B/SC subgroup. The panel
of established autoantibody markers of encephalitis and/
or peripheral nerve disease tested included anti-NMDA-
R (N-methyl-D-aspartate receptor), anti-AMPA1/2-R
(ax-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid receptor), anti-GABA-B1/2-R (G-protein coupled
receptors B1/2 for gamma-aminobutyric acid), anti-LG1
(Leucine-rich, glioma inactivated protein 1), anti-CASPR
(contactin-associated protein-like 2), anti-DPPX (dipepti-
dyl-peptidase-like protein-6), anti-mGluR5 (metabotropic
glutamate receptor 5), anti-glycine receptor, anti-IgLON-5
(IgLON family member 5), anti-dopamin-2 receptor,
anti-Hu, anti-Yo, anti-Ri, anti-Ma2/Ta, anti-Mal, anti-Tr/
DNER (Delta and Notch-like epidermal growth factor-
related receptor), anti-recoverin, anti-GAD65 (glutamic
acid decarboxylase 65), anti-amphiphysin, anti-Zic4 (Zic
family member 4), anti-SOX1 (SRY-box transcription
factor 1), anti-nicotinergic (i.e. ganglionic) acetylcholine
receptors, anti-MOG (myelin oligodendrocyte glycopro-
tein), anti-AQP4 (aquaporin-4) [42, 43], and anti-sulfatide
and anti-ganglioside antibodies ("ganglioside Abs", GM1-
IgG/IgM, GM2-IgG/IgM, GM3-IgG/IgM, GM4-IgG/
IgM, GQIb-IgG/IgM, GDla-IgG/IgM, GD1b-IgG/IgM,
GDl1c-IgG/IgM, GT1la-IgG/IgM, GT1b-IgG/IgM); in a
few patients, anti-muscle autoantibodies were tested in
addition (skeletal muscle sections, titin). Furthermore, 34
CSF and 62 serum samples were tested for so-far unknown
anti-neural autoantibodies in group I by indirect immuno-
fluorescence (IIF) using cerebellum, autonomic nervous
system and/or sensory peripheral nerve sections (Euroim-
mun, Liibeck) as antigenic substrates.

However, in the vast majority of cases, no anti-neu-
ronal, anti-glial or anti-skeletal antibodies were found
(Table 7), except for not further characterized “anti-mye-
lin antibodies” in 6/40 serum samples, as detected using
peripheral nerve tissue sections. Anti-myelin antibodies,
as detected by IIF, are a relatively frequent finding, and
may occur even in control subjects; the clinical signifi-
cance in the patients studied here is unclear; in one case,
a follow-up sample was available and was negative. 0/34
CSF samples were positive for myelin antibodies. MOG
antibodies were negative in the only 3 serum samples and
the only CSF sample tested.

One patient, who had presented with encephalopathy
and seizure, was positive for GAD65 serum antibodies,
but the evidence was considered insufficient to make
a formal diagnosis of autoimmune encephalitis by the
treating physicians at last follow-up (no pleocytosis, no
intrathecal IgG synthesis, CSF GAD65-IgG only weakly



Jarius et al. Journal of Neuroinflammation 2022, 19(1):19

Table 7 Anti-neuronal and anti-glial autoantibody findings in

group |

Serum, pos CSF, pos
Hu-IgG 0/35 0/40
Yo-IgG 0/35 0/40
Ri-IgG 0/35 0/40
CV2/CRMP5-1gG 0/33 0/39
Tr/DNER-IgG 0/35 0/40
Ma2/Ta (PNMA2)-IgG 0/35 0/40
Ma1-lgG 0/5 0/4
Amphiphysin-lgG 0/34 0/39
GAD65-19G 1/35 1/405
Zic4-1gG 0/15 0/5
SOX1-1gG 0/15 0/5
mGIluR5-1gG 0/27 0/34
GlycinR-IgG 0/28 0/35
Dopamin-2-R-IgG 0/27 0/34
IgLON-5-1gG 0/2 0/2
Recoverin-IgG o/ 0/1
NMDAR-IgG 1/40 0/39
GABA-B-R-IgG 0/36 0/39
AMPA1/2-R (GIuA1/GluA2)-IgG 0/35 0/39
DPPX-IgG 0/34 0/38
LGI-IgG 0/36 0/40
CASPR2-1gG 0/41 0/39
MOG-IgG 0/3 01
AQP4-1gG 0/31 0/36
Nicotinergic AChR-IgG 0/1 0/0
IFT cerebellum 6/40" 0/34*
IFT intestine 0/8 0/0
IFT peripheral nerve 0/8 0/0
"Sulfatide Abs" 0/1 0/0
"Ganglioside Abs" 0/7 0/0
GM1-IgG/IgM 0/6 0/0
GM2-1gG/IgM 0/1 0/0
GM3-IgG/IigM 0/1 0/0
GM4-1gG/IgM 0/1 0/0
GQ1b-gG/IgM 0/6 0/0
GD1a-IlgG/IgM 0/1 0/0
GD1b-IgG/IgM 0/5 0/0
GD1c-1gG/IgM 0/1 0/0
GT1a-lgG/IgM 0/1 0/0
GT1b-lgG/IgM 0/1 0/0
GT1c-IgG/IgM 0/1 0/0
IFT skeletal muscle 1/6 0/0
Titin-lgG 0/7 0/0
Sum 9/766 1/743

* Antimyelin antibodies of unknown specificity. *Only weakly (equivocally)
positive. , Abs antibodies, AMPA1/2-R a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid receptor, AQP4 aquaporin-4, CASPR2 contactin-
associated protein-like 2, DNER Delta and Notch-like epidermal growth
factor-related receptor, DPPX dipeptidyl-peptidase-like protein-6; GABA-B1/2-R
G-protein coupled receptors B1/2 for gamma-aminobutyric acid, GAD65
glutamic acid decarboxylase 65, GIuR5 metabotropic glutamate receptor
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Table 7 (continued)

5, IgLON-5 IgLON family member 5, LG Leucine-rich, glioma inactivated
protein 1, MOG myelin oligodendrocyte glycoprotein, NMDAR N-methyl-D-
aspartate, nAChR nicotinergic (i.e. ganglionic) acetylcholine receptors, pos
positive, SOXT SRY-box transcription factor 1, Zic4 Zic family member 4

positive). A further patient tested positive for serum
NMDAR-IgG antibodies; the patients CSF was not
tested for NMDAR-IgG. While a diagnosis of NMDAR
encephalitis cannot be excluded based on the symptoms
documented in this case (downbeat nystagmus, orofa-
cial myoclonus, impaired consciousness and delirium, in
addition to hyposmia and dysgeusia), no such diagnosis
was made by the treating physicians who favored a diag-
nosis of hypoxic brain damage. Finally, antibodies to skel-
etal muscle cells of unknown specificity were found in 1
further patient. All remaining 1499 antibody tests were
negative.

The median time between onset of the neurological or
non-neurological symptoms and the date of LP in those
tested for autoantibodies was 6 days (percentile range
[0.1-0.9] 1-27.4) and 18 days (percentile range 4-46),
respectively.

Free kappa and lambda light chains
Free kappa light chains (FLC-kappa) and free lambda
light chains (FLC-lambda) (i.e., immunoglobulin light
chains not bound to heavy chains), which are produced
by B cells during antibody synthesis in excess and subse-
quently secreted, are determined by some laboratories as
a supportive quantitative marker of (especially intrathe-
cal) IgG synthesis. FLC-kappa, and FLC-lambda [21, 44,
45] were determined in 6 patients of group 1 in the serum
and also in a matched CSF sample in 4 of them.

FLC-kappa concentrations were elevated in 5/6 serum
samples (96.45, 40.97, 78.85, 43.51, 137.09 mg/L, respec-
tively; cut-off 19.4) and in 1/4 CSF samples (6.42 mg/l;
cut-off 1.96), but in none of the four patients tested was
a positive K index ([CSF FLC-kappa/serum FLC-kappa]/
[CSF albumin/serum albumin]) found (5.98, 1.1, 0.8 and
2.53, respectively) according to the manufacturer’s cut-off
(6.35). However, when applying the hyperbolic reference
ranges proposed by Reiber et al. (2019) [44] instead of
fixed cut-off, intrathecal synthesis of FLC-kappa cannot
be ruled out in one case (pattern 4 OCB, BCSF dysfunc-
tion, no pleocytosis; CNS subgroup; fatigue, confusion
and behavioural disturbances, EEG alterations; intrath-
ecal FLC-kappa fraction 70.6%; locally produced FLC-
kappa 4.53 mg/L) (Fig. 5).

Increased FLC-lambda concentrations were pre-
sent in the serum in 4/6 patients (52.31, 60.91 and
110.3 mg/L, respectively; cut-off 26.3). The L index ([CSF
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Fig. 5 Quotient diagram (reibergram’) for free kappa light chains in
four patients with SARSV-CoV-2 and neurological symptoms. Graph
created using FLC-K Statistics v1.02 (Albaum IT Solutions, Méhnesee,
Germany)
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FLC-lambda/serum FLC-lambda]/[CSF albumin/serum
albumin]) was normal (cut-off 5.51) in three patients.
In the fourth patient, serum and CSF FLC-lambda con-
centrations did not exceed the upper reference limit, but
the L index was elevated (10.61; cut-off 5.51). However,
this patient had developed peripheral neuropathy dur-
ing COVID-19 with signs neither of CNS disease nor of
intrathecal total IgG synthesis (normal QIgG, no CSEF-
restricted OCB) and QAlb was unusually low, rendering
a false-positive result at least conceivable.

Interleukin-6

Interleukin-6 (IL-6) CSF levels were determined in 14
samples from 14 patients (CNS involvement in 13) in
group I and were found to be elevated in 11 (79%; 10 x B/
SC subgroup; 10 x “severe” neurological disease) accord-
ing to the manufacturers’ cut-off. The median CSF IL-6
concentration was 10.05 pg/ml (range 1.9->300; cut-off
7), with particularly high concentrations (>20 pg/ml) in
5 samples (45%; 23, 43, 73,> 300, and > 300 pg/ml, respec-
tively; all from the ‘B/SC subgroup’).

In a patient with an unusually high WCC (247 cells/
ul; lymphomonocytic with small amounts of neutro-
phils, plasma cells, and activated lymphocytes; CNS
involvement) and a positive SARS-CoV-2-Al, IL-6 was
determined in both the CSF (>300 pg/ml) and serum
(17.3 pg/ml), revealing a very high IL-6 CSF/serum
ratio of >17 (compared to a ratio of<2.67 in 95% of
German control subjects without neurological disease
[46]). IL-6 was not determined in the other patients
with marked pleocytosis. An IL-6 CSF/serum ratio >3
was present in none of 12 further samples tested, none
of which showed pleocytosis (median 1 cell/ul; range
0-2) and 10/10 tested had a negative SARS-CoV-2-AI
(no data in 2) (Fig. 6).
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Increased blood (usually plasma, more rarely serum;
same cut-off) IL-6 levels (median 34.3 pg/ml; range 6.4—
1075) were noted in 27 (93%; 21 x B/SC subgroup) of
29 samples (from 29 patients) tested, and BCB dysfunc-
tion, as indicated by elevated QAlb, was present in 8/10
(80%) samples with elevated CSF IL-6, rendering it pos-
sible that IL-6 was partly of peripheral origin in some of
these cases.

To take into account a possible effect of BCB dysfunc-
tion, we also calculated the IL-6 index (=IL-6 ratio/
albumin ratio). Here, the marked difference between
the SARS-CoV-2-IgG-Al-positive sample with pleocyto-
sis (247 cells/ul) and the SARS-CoV-2-IgG-Al-negative
patients with a normal or almost normal WCC was still
present (IL-6 index 0.5 vs. median index of 0.03 in the
remainder) (Fig. 6).

In most patients, blood IL-6 levels were repeatedly
determined. Overall, 748 samples from 63 patients were
tested within a median period of 26.5 days (percentile
range [0.1-0.9] 8.3-64.8) around the date of the LP. In
total, 723 (96.7%) of these samples exhibited elevated
IL-6 levels (median IL-6 concentration 54.45 pg/ml;
percentile range 14.99-364) (Fig. 7). In 59/63 (93.7%)
patients, IL-6 concentrations were elevated at least once.
Of particular note, blood IL-6 levels remained continu-
ously elevated over weeks and months (see Fig. 8 for
exemplary data). Serum IL-6 was still elevated at last
follow-up (median 28 pg/ml) in 18/19 patients with
repeat IL-6 measurements and a follow-up of>30 days
(range 33-80) since first IL-6 measurement and in 12/12
of those with a follow-up of >45 days (median 33 pg/ml;
range 7.2—463) since first measurement, indicating per-
sisting systemic inflammation. From 6 patients follow-up
samples obtained over a period of>60 days were avail-
able; serum IL-6 was still elevated in all of these at last
follow-up (median 33 pg/ml; range 7.2-138).

Notably, IL-6 was also detectable at high levels in the
aqueous humor in the only patient tested because of sus-
pected viral retinitis (1183 pg/ml).

Interleukin-8

CSF interleukin-8 (IL-8) was elevated in 7/7 (100%; 6 x B/
SC subgroup) CSF samples from 7 patients in group I,
based on a cut-off of 40 pg/ml derived from a German
cohort of patients with normal pressure hydrocephalus
(21.40£7.96 pg/ml) [26] (which is in good accordance
with the upper reference range found in a recent Chi-
nese healthy control cohort [23.86£17.74 pg/ml] [27]
and a cohort of European patients with trigeminal neu-
ralgia [23.1-33.9 pg/ml] [28]). CSF IL-8 concentrations
were relatively high, exceeding 50 pg/ml in 7 (100%) and
100 pg/ml in 6 (86%) samples, with a median of 185.7 pg/
ml (range 57.4—903.5).
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Relevant pleocytosis was present in none of the sam-
ples (median 1 cell/pl; range 0-6). Regrettably, none of
the 4 samples with high WCC>100/ul (including all

patients with a positive SARS-CoV-2-IgG Al) was tested

for CSF IL-8.
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Elevated QALlb, indicating BCB dysfunction, was found
in 4/6 (67%) samples with elevated CSF IL-8, and plasma
IL-8 levels were elevated in 5/8 (63%; 7 x B/SC subgroup)
samples tested, suggesting a possible contribution of
extrathecally produced IL-8 to CSF IL-8 levels. Whether
intrathecal IL-8 synthesis occurred, remains unknown
since no well-established cut-off exists. 6/6 samples
exhibited a CSF/plasma IL-8 ratio>1 (median 3.2; range
1.3-4.8). Based on an upper reference limit of 2.7 found
in another Central European control cohort that com-
prised patients with trigeminal neuralgia [28], 3/6 would
have exhibited a positive IL-8 ratio.

In 6/7 (86%) samples with elevated CSF IL-8 levels and
available data also increased CSF IL-6 levels were found.

Overall, 32 plasma samples from 19 patients in group
I were tested for IL-8 during COVID-19 hospitalization.
Of these, 29 (90.6%) samples exhibited elevated plasma
IL-8 levels (median IL-8 concentration 25 pg/ml; percen-
tile range [0.1-0.9] 6.9-84.88; cut-oft 5 pg/ml), and 18/19
(94.7%) patients showed elevated IL-8 concentrations at
least once.

TNF-alpha

The normal range for tumor necrosis factor alpha (TNE-
alpha) in the CSF is not well defined (e.g. 0.18 £0.16 pg/ml
in [29], 3.2946.61 pg/ml in [30], 6.6 £0.5 pg/ml in [31], up
to 67 pg/ml in [32], 22.3+9.5 in [33]). CSF TNF-alpha lev-
els were measured in 8 samples from 8 patients in group I
and ranged from 0.23 to 10.73 pg/ml (median 1.23 pg/ml).
Increased serum TNF-alpha levels were present in 5/10
(50%; 8 x B/SC subgroup) samples according to the manu-
facturers’ cut-offs (median 14.9 pg/ml; range 6—40.8).

The CSF sample with the highest TNF-alpha level
(10.37 pg/ml) came from the abovementioned patient
with an unusually high WCC (247 cells/ul), an unusually
high IL-6 ratio and index, an elevated SARS-CoV-2-IgG
Al, compatible with possible direct CNS infection with
SARS-CoV-2, and severe clinical CNS involvement. The
corresponding serum sample was positive for TNF-alpha
at a concentration of 9.4 pg/ml, resulting in a CSF/serum
ratio of 1.14. By contrast, the TNF-alpha CSF/serum ratio
was markedly below 1 and thus at least 10 times lower in
all (N=7) further cases with available data (median 0.05;
range 0.02-0.29), 6 of them without pleocytosis, and also
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not beyond the mean TNF-alpha CSF/serum ratio (0.29)
reported in patients with low backpain [30].

A marked difference was also found for the TNF-alpha
index (=TNF-alpha ratio/albumin ratio), which was
0.032 in the SARS-CoV-2-IgG-Al-positive sample with
marked pleocytosis and a positive IL-6 index and 0.0038
(median; range 0.0015-0.008) in the remainder with nor-
mal or almost normal WCC (Fig. 6).

Overall, serum or plasma TNF-alpha was determined
in 63 samples from 26 patients during hospitalization for
COVID-19 and was elevated (median 31.8 pg/ml; percen-
tile range [0.1-0.9] 17.65-56.48; cut-off 15) in 51 (81%) of
them. Serum TNF-alpha concentrations were elevated in
21/26 (80.8%) patients at least once.

Interferon-gamma

Interferon-gamma (IFN-gamma) was detectable in only 1
CSF sample (from the B/SC subgroup) out of 7 samples
from 7 patients tested (6 x B/SC subgroup), at a concen-
tration of 2.6 pg/ml. While a generally accepted reference
range for CSF IFN-gamma has not been defined, that
level is lower than the mean CSF IFN-gamma concen-
trations in a recent cohort of control patients with non-
inflammatory neurological diseases (mean 7.99 +2.75 pg/
ml) [27], in patients with vertebrogenic low backpain
in another cohort (49.934+30.28 pg/ml) [30], and in
a cohort of “symptomatic controls” in a further study
(3.09+10.64 pg/ml) [34]. Serum IFN-gamma was normal
in 7/7 (100%; 6 x B/SC subgroup) serum samples from 7
patients (median 0 pg/ml; range 0—8.9; cut-off 15).

Interleukin-1beta

Interleukin-1beta (IL-l1beta) was determined in 10
plasma samples in group I, and was positive in 3 (30%)
samples from 3/9 (33.3%) patients (median 13.9 pg/ml;
percentile range 8.94-46.76; normal <5 pg/ml). IL-1beta
secretion by monocytes after lipopolysaccharide (LPS)
stimulation for 24 h was measured in 4 patients and
was elevated in all of them (316 pg/ml; percentile range
308.8—-323.2; normal range 28—204).

Anti-inflammatory cytokines
Interleukin-10 (IL-10) was elevated (median 10.4 pg/ml;
percentile range 5.96-30.32; cut-off 5) in 21/22 (95.5%)

(See figure on next page.)

Fig. 8 Repeat IL-6 serum measurements over a period of up to 50 (upper panel) or up to 80 (lower panel) days during hospitalization in patients
with COVID-19 and neurological complications in 14 patients with available long-term data; each patient is represented by a different colour of
symbols and connecting lines. The x-axis indicates days since first IL-6 serum measurement (median 51 days follow-up, range 30-80); if days since
the first SARS-CoV-2 PCR-positive swab are considered instead, serum IL-6 was still elevated after at least (last known measurement) 35, 37, 42,
45,48, 49, 55,58, 64,76,77,79,88 and 95 days, respectively, in these patients (median 57 days, range 35-95), partly at high level. The triangles at the
top of each panel indicate the time of LP. /-6 interleukin-6, LP lumbar puncture
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serum samples (from 12 patients) obtained during hos-
pitalization for COVID-19 in group I Overall, 11/12
(91.7%) patients showed increased serum levels at least
once. Of note, IL-10 levels were also increased in aque-
ous humor in one patient (177 pg/ml). Serum concentra-
tions of the anti-inflammatory IL-1 receptor antagonist
(IL-1RA), which is induced by IL-10, were markedly
increased in 5/5 (100%) serum samples from 2 patients
tested (median 15,536 pg/ml; percentile range 10,631—
15,550; normal range 105-1062). No CSF samples were
tested for IL-10 or IL-1RA.

Other soluble markers and combined results

CSF concentration of the chemokine CXCL-13 (C-X-C
motif chemokine ligand 13) was tested in a single patient
in group I (with cranial nerve and peripheral nerve
involvement) and was below the detection limit (<4 pg/
ml). By contrast, CXCL-13 CSF levels were extremely
high (38,776 pg/ml) in a patient from group II; however,
this patient suffered from primary CNS lymphoma at
the time he acquired COVID-19. Serum concentrations
of the soluble interleukin-2 receptor (sIL2R), a marker of
active cellular immunity, was determined in 4 patients
in group I and was elevated in all of them; in total, 13/13
(100%) samples were positive (median 3130 IU/ml; per-
centile range 1466.6—8894; cut-off 710 IU/ml). Relatively
high levels were also found in the aqueous humor in
one patient (1068 IU/ml), in whom CSF was not tested.
Serum neopterin was tested in two patients in group I
and was elevated in both (5.04 and 6.48 ng/ml, respec-
tively; normal<2.5 ng/ml). Interleukin-17 (IL-17), an
important mediator of the mucosal immune response,
was not directly assessed in CSF or serum, but IL-17
secretion after whole blood stimulation with Staphylo-
coccus aureus enterotoxin B (SEB) for 24 h, a marker of
lymphocyte function/immunodeficiency, was assessed
in 10 samples from 10 patients in group I. Interestingly,
decreased IL-17 secretion was found in 4 samples from 4
patients (normal values in the remainder), none of whom
was treated with immunosuppressants or steroids at the
time of testing.

In 9 patients, blood levels of 3 cytokines and cytokine
receptors (from the following panel: IL-6, IL-8, TNEF-
alpha, IL-1b, sIL2R, IL-10, ILIRA) were assessed; in 8 of
these, increased levels of all three were observed at least
once and in 1 patient increased levels of two markers. In
another 11 patients, blood levels of 5 markers from the
same panel were determined; in 4 of these, levels of all 5
markers were elevated; in 5 samples those of four mark-
ers, and in 2 samples those of at least two markers. In a
further patient, 6 of the beforementioned cytokine mark-
ers were assessed in the blood and all were elevated.
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Not only IL-6 blood levels remained detectable over
weeks or months but also those of other cytokines.
IL-6, IL-8, TNF-alpha, IL-10 and sIL2 were still ele-
vated in 12/13 (92.3%), 4/4, 5/6, 4/4 and 1/1 samples
taken > 14 days after onset of the patients’ neurological
symptoms, respectively, and in 20/21 (95.2%), 6/7, 8/11,
3/3 and 3/3 samples obtained >30 days (median 40.5;
range 30-205) after onset of the first non-neurological
symptoms of COVID-19. CSF IL-6 and IL-8 were also
still elevated in the repeat sample with the longest follow-
up tested, which was obtained 16 days after neurological
and 35 days after non-neurological COVID-19 onset.

First vs. follow-up LP

The frequency of OCBs, pleocytosis, BCB dysfunction,
CSFE TP elevation, and CSF L-lactate elevation did not
differ significantly between the first LP and follow-up LP
(median time interval between punctures was 13 days) in
group I (Table 8). All but one of the follow-up samples
were obtained from patients in the B/SC subgroup. The
proportions of patients with severe, moderate, or mild
disease, respectively, among those with repeat LP did
not differ significantly from those among the remaining
patients (severe: 54% vs. 60%, moderate: 31% vs. 22%,
severe or moderate: 85 vs. 82%; mild: 15 vs. 18%).

A total of 13 repeat tests for OCB were performed in
10 patients. No change in OCB status or OCB pattern
(6 x pattern 4, 2 x pattern 1) over time was noted. Simi-
larly, 8/8 (100%) patients who were tested more than
once had a normal IgG CSF/serum ratio both at first LP
and at follow-up. An intrathecal ‘IgM to IgG switch’ was
observed in 0/8 patients in whom QIgM and QIgG were
determined more than once (median period since first
LP: 14 days, range 2—-33).

Disease severity

In patients classified as having ‘severe’ or ‘moderate’ neu-
rological disease at the time of LP by the treating physi-
cians, many CSF parameters were more markedly or
more frequently altered than in patients classified as hav-
ing mild disease, including the frequency of OCB pattern
4 (as opposed to OCB pattern 1, i.e., a lack of OCB, which
was more common in ‘mild’ disease), median QIgG and
QAIb levels, the frequency of BCB dysfunction, median
TP levels in those with elevated TP, the frequency of TP
values > 100 mg/dl, median L-lactate levels in those with
and those without elevated L-lactate, and the frequency
of samples with elevated L-lactate (Table 9). As pleocy-
tosis was generally rare and, if present at all, mild in the
vast majority of cases, no significant difference in WCC
was found between the two groups.
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Table 8 CSF findings at the time of the first LP and at follow-up LP in group |

Units First LP Follow-up LPs
Pleocytosis, all Samples 11/113 (9.7%) 3/15 (20%)
Pleocytosis, B/SC subgroup Samples 10/92 (10.9%) 2/14 (14.3%)
Pleocytosis, PN/CN/H subgroup Samples 1/20 (5%) 1/1 (100%)
QOCB, all Samples 2/92 (2.2%) 0/11 (0%)
OCB, B/SC subgroup Samples 2/75 (2.7%) 0/10 (0%)
OCB, PN/CN/H subgroup Samples 0/16 (0%) 0/1 (0%)
IgG-IF > 10%, all Samples 1/104 (1%) 0/11 (0%)
IgG-IF > 10%, B/SC subgroup Samples 1/83 (1.2%) 0/11 (0%)
IgG-IF > 10%, PN/CN/H subgroup Samples 0/20 (0%) Not done
QAlb>Qlim(Alb), all Samples 51/104 (49%) 7/12 (58.3%)
QAlb>Qlim(Alb), B/SC subgroup Samples 42/83 (50.6%) 7/12 (58.3%)
QAlb > Qlim(Alb), PN/CN/H subgroup Samples 8/20 (40%) Not done
CSF TP elevated, all Samples 47/104 (45.2%) 7/14 (50%)
CSFTP elevated, B/SC subgroup Samples 41/87 (47.1%) 7/14 (50%)
CSF TP elevated, PN/CN/H subgroup Samples 6/16 (37.5%) Not done
CSF L-lactate elevated, all Samples 23/96 (24%) 3/13 (23.1%)
CSF L-lactate elevated, B/SC subgroup Samples 19/80 (23.8%) 3/12 (25%)
CSF L-lactate elevated, PN/CN/H subgroup Samples 3/15 (20%) 0/1 (0%)
Time since onset of neurological symptoms Days 5(0-82) 16 (2-38)

B/SC brain/spinal cord, IgG-IF intrathecal IgG fraction, OCB oligoclonal bands, PN/CN/H peripheral nerve/cranial nerve/headache only, QAlb CSF/serum albumin

quotient, TP total protein, WCC white cell count

Impact of immunotherapy

Several CSF parameters were either pathologically altered
only in samples from patients untreated at the time of LP
(N=89) or more severely pathologically altered in these
samples than in samples from patients treated with ster-
oids, immunosuppressants or immunomodulatory drugs
at the time of LP (N=29) in group I (e.g., pleocytosis:
13/89 [14.6%] vs. 1/29 [3.4%]; intrathecal IgG, IgA, or
IgM synthesis: 6/70 [8.6%] vs. 0/24 [0%]; higher CSF and
serum IgG, IgM, IgA concentrations; higher QAlb values
in those with BCB dysfunction; higher TP and L-lactate
concentrations in those with elevated values). However,
the differences did not reach statistical significance. The
steroids used included methylprednisolone, prednisone
and dexamethasone (N=26); the immunosuppressive
or immunomodulatory treatments used included intra-
venous immunoglobulins, sulfasalazine, tacrolimus,
mycophenolate mofetil, and ciclosporin A and were
given either alone (N =3) or in combination with steroids
(N=3).

Of note, BCB dysfunction, the most frequent patho-
logical finding in this cohort, as well as related alterations
(ACD rate, rate of samples with elevated TP, samples with
TP concentrations>100 mg/dl) were found with equal or
even higher frequency in samples from treated patients
versus untreated patients. This could partly reflect the
fact that the subgroup of treated patients included more

patients with severe disease and/or a delayed or insuffi-
cient effect of the treatments applied on these parameters.
Of note, WCC was rarely elevated in general in this cohort,
including in untreated patients, which would in any case
render it highly difficult to detect treatment effects on the
rate of samples with ACD. To explain the apparent lack
of effect on BCB function and related findings, detailed
analysis would be required of all individual cases taking
account of steroid timing, dosage, and the severity of BCB
dysfunction, which was not part of the study protocol.

‘Normal’ CSF

A substantial number of CSF samples in group I exhibited
no pathological changes. If CSF WCC, OCB, QIgG, Link
index, QIgM, QIgA, QAlb, CSF TP, and CSF L-lactate are
taken into account, 28 (35%) of 80 samples in group I in
which all of these 9 parameters were assessed showed exclu-
sively normal values. Of these 28 samples, 17 were obtained
<14 d and 7> 14 days after onset of neurological symptoms
(no data in 4). If only a basic panel consisting of CSF WCC,
CSF TP, and CSF L-lactate is considered (reflecting clini-
cal practice in some non-tertiary centers and in emergency
room settings), 49 (46.2%) of 106 samples in which all of
these 3 parameters were determined samples would have
been classified as 'normal. Of those, 42.9% (21/49) would
have been false-negatives (with the more extensive panel of
9 CSF parameters serving as gold standard).
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Table 9 CSF findings and attack severity in patients with acute
disease in group | (i.e, <14 days since onset of the neurological
symptoms)

Units Severe/moderate  Mild
WCG, all Cells/pl 2 (0-651;71) 2(0-373;15)
WCC, elevated Samples 10/62 (16.1%) 1/7 (14.3%)
OCB, pattern 1 Samples 26/80 (32.5%) 13/20 (65%)
OCB, pattern 4 Samples 50/80 (62.5%) 4/20 (20%)
Link index Samples 1/65 (1.5%) 0/14 (0%)
QlgG, all Ratio 4.3 (1-22.4,66) 2.9 (1.6-7.514)
QIgG, elevated Samples 1/66 (1.5%) 0/14 (0%)
QAIDb, all Ratio 9.3 (3.2-50.8,66) 6.9 (3.6-29.9;15)
QAlb, elevated Samples 39/66 (59.1%) 7/15 (46.7%)
QAlb, if elevated Ratio 12.5(6.8-50.8;39) 9.8 (6.7-29.9;7)
CSFTR all Mg/dl 49 (18.2-240.4,63) 42.2(17.5-175,13)
CSFTP, elevated Samples 35/63 (55.6%) 6/13 (46.2%)
CSF TP if elevated Mg/dl 70.1 (45.3-240.4;35) 54.7 (48.6-175,6)
CSFTP> 100 mg/dl Samples 11/90 (12.2%) 1/18 (5.6%)
CSF L-lactate, all Mmol/I 2.1 (1.3-4;60) 1.7 (1.3-35;13)
CSF L-lactate, elevated Samples 16/60 (26.7%) 4/13 (30.8%)
CSF L-lactate, if elevated ~ Mmol/I 3.1 (22-4,16) 2.8(26-3.54)
CSF L-lactate,>3 mmol/l  Samples 11/85 (12.9%) 2/18 (11.1%)

Results are given as medians (with ranges and sample or patient numbers in
brackets) and frequencies (with percentages in brackets), respectively. OCB
oligoclonal IgG bands, QAIb CSF/serum albumin quotient, QlgG CSF/serum IgG
quotient; TP total protein, WCC white cell count

Quotient diagrams (‘reibergrams’)

Plots of QIgG, QIgA, and QIgM [21, 23], respectively,
against QAlb (as a measure of BCB function), visually
indicating absence of intrathecal IgG, IgM, and IgA syn-
thesis in most cases (as evident from the fact that most
quotients are below the upper hyperbolic discrimination
line, Qy,,, of the respective immunoglobulin class), are
shown for group I in Fig. 9 (see figure legend for details).
Note that reibergrams, as a limitation, permit visualiz-
ing the frequency of BCB dysfunction only for individual
patients or for groups of patients of the same age, but
not at population level, since the upper reference limit
of QAIDb is age-dependent; in the plots shown in Fig. 9,
the gray vertical lines indicate the area above the upper
limit of QAIb for the median age in group I, which was
65 years.

CSF findings in group Il

CSF findings in patients with pre- or co-existing CNS
disorders did not substantially differ from those typically
present in patients with the respective disorders and no
COVID-109.

In group II, positive pattern 2 or 3 OCB, which were
extremely rare in group I (~1%), pointed to the presence
of coexisting MS (3 patients; 1 x with complicating John
Cunningham [JC] virus-positive progressive multifocal
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leukoencephalopathy [PML] and a subsequent immune
reconstitution inflammatory response [IRIS] after with-
drawal of natalizumab) or viral meningoencephalitis
(I xHSV,1xVZV,1xHSV and CMV in an immunosup-
pressed patient). A bispecific MRZ reaction was noted
in none of the patients in group I but was present in the
only MS patient in group II tested for this marker. How-
ever, QAIb values were higher than expected (15 x 107%;
typically <12 x 1072 in MS) in one case, probably due to
additional JC virus-associated (and possibly SARS-CoV-
2-associated) BCB dysfunction.

HSV and VZV meningoencephalitis was associated
with pleocytosis in 3/3, higher WCC at first LP (73, 177,
32 cells/pl) than observed in 97% of all patients in group
I, CSFE-restricted OCB in 2/3 patients, and BCB dysfunc-
tion in 3/3 with QAIb values (higher than those in 90% of
patients in group II). In an immunosuppressed patient
(after kidney transplantation), CSF PCR for CMV and
HSV1/2 as well as serum PCR for CMV, HSV1/2 and EBV
were all positive, further underlining the need for exten-
sive PCR diagnostics in patients presenting with COVID-
19 and neurological symptoms. Neutrophilic (70%)
pleocytosis (32 cells/ul) was also noted in this patient,
probably because septic brain infarction has occurred as a
result of acute bacterial endocarditis rather than reflecting
early viral infection. Neutrophils were found in only 3% of
patients with available cytology data in group I and should
thus be considered a red flag. In a further patient with a
history of chronic viral meningitis of unknown cause
(previous WCC: 186 [2017], 49 [2018] and 83 [2019] cells/
ul), COVID-19 and headache, WCC, OCB, QlgG/IgA/
IgM and QAIb were all normal; only CSF TP was elevated,
albeit markedly so (295 mg/dl; compared with a median of
41.75 mg/dl in group I [all <240 mg/dl; 95% < 160]).

In patients with additional SAH, high CSF erythro-
cyte counts (6050—>100,000), siderophages, and xan-
thochrome CSF were noted as well as high TP level (up
to 300 mg/dl).

Primary CNS lymphoma, present in one patient, was
associated with a higher WCC (21 and 88 cells/ul) than
observed in most patients in group I, elevated L-lactate
levels and marked BCB dysfunction (QAlb 19 and 17,
respectively; compared with a median QAlb of 7.9 in
group I). In a patient with non-small cell-lung cancer,
meningeal carcinomatosis and cerebral metastases, mild
pleocytosis (10 cells/ul), and, elevated CSF L-lactate and
TP levels were found.

Finally, in a patient with delayed wake-up reaction
after sedation, encephalopathy, and myoclonus, a PET-
CT-supported diagnosis of anti-Yo-associated autoim-
mune encephalitis (with positive antibodies in both CSF
and serum) was made. CSF analysis revealed severe BCB
damage (QAIb 26.7) and, of note, intrathecal synthesis of
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IgA and IgM (IgM-IF 51.83%, IgA-IF 35.24%), a feature
not seen in any of the patients in group I; WCC could be
determined only at follow-up and was then mildly ele-
vated (17 cells/ul).

SARS-CoV-2 PCR was negative in 8/8 CSF samples
tested (from 6 patients) in group IL

Fig.9 CSF/serum quotient diagrams for IgG, IgM, and IgA
(‘reibergrams). Individual CSF/serum ratios of IgG, IgA, and IgM

are plotted against CSF/serum albumin ratios. Values above the
upper hyperbolic discrimination line, Qy,,, indicate intrathecal
synthesis of the respective immunoglobulin (Ig) class. Individual
intrathecal fractions, Ig;;, can be directly read by interpolation from
the percentiles above Qlim (median values are given in Tables 3 and
4). Open circles represent samples from the ‘B/SC subgroup’; filled
circles represent samples from the ‘PN/CN/H subgroup’ Graphs were
created using CSF Research Tool v3.0 (CoMed GmbH, Soest, Germany).
B/SC brain spinal cord, IgG/A/M immunoglobulin G/A/M, PN/CN/H
peripheral nerve/cranial nerve/headache only, QlgG/A/M CSF/serum
IgG/A/M ratios, QAIb CSF/serum albumin ratio

Discussion

A substantial proportion of patients with COVID-19
develop neurological symptoms. However, the patho-
physiology of such complications is not fully understood.
CSF analysis may aid in addressing this question. Fur-
thermore, CSF analysis may be clinically important by
virtue of guiding diagnostic and differential diagnostic
decisions.

This study, which is, to the best of our knowledge,
the largest and most comprehensive on CSF findings in
COVID-19 conducted to date, demonstrates that in the
majority of cases neurological involvement in COVID-19
is not associated with signs of intrathecal inflammation,
as indicated by a normal WCC and a lack of quantita-
tive (immunoglobulin CSF/serum ratios, reibergrams,
antibody indices, Link index, FLC-kappa index) or quali-
tative (CSF-restricted OCB) evidence of total or SARS-
CoV-2-specific 1gG, IgA, or IgM synthesis within the
CNS. Importantly, the remarkable absence of intrathe-
cal inflammation was not restricted to patients with mild
disease or those with peripheral symptoms but was found
also in almost all patients with severe disease and in the
B/SC subgroup.

The median interval between onset of the non-neu-
rological COVID-19 symptoms or the first positive
nasopharyngeal SARS-CoV-2 PCR and LP was just 19
and 12 days, respectively. Moreover, and, most impor-
tantly, the neurological symptoms had started only
5 days (median) before LP. It is theoretically possible that
intrathecal antibody synthesis began later and was thus
not detected. In fact, 10.9% of patients tested had not yet
developed SARS-CoV-2 serum antibodies at the time of
LP. On the other hand, OCB were missing also in all 21
samples obtained > 14 days after neurological onset and
even in all 8 samples taken after more than 30 days (range
31-82), suggesting that the observed lack of intrathecal
immunoglobulin synthesis was not simply due to timing.
Rather, our findings favor the notion that the neurologi-
cal symptoms observed in patients with COVID-19 are
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not caused by direct CNS infection with SARS-CoV-2 in
most cases.

This said, it should not go unmentioned that in two
patients in group I direct infection of the CNS with
SARS-CoV-2 cannot be ruled out. These were the almost
only patients with a strongly elevated WCC (247 and
510 cells/pl, compared to amedian of 2 cells/pl in group
L; neutrophils present in both) and both exhibited at the
same time a positive SARS-CoV-2-IgG-Al Further sup-
port in favor of infection of the CNS comes from the
finding of a strongly elevated IL-6 CSF/serum ratio in
one of them (AI>17; not tested in the other patient)—
no IL-6 ratio (and index) as high was present in any of
the SARS-CoV-2-IgG-Al-negative samples tested (which
showed a median ratio of just 0.35) —, of a positive TNF-
alpha ratio (and high index), and of a positive SARS-CoV-
2-IgM Al and SARS-CoV-2-IgA Al in the same patient
(not tested in the second patient). In both cases, severe
BCB dysfunction was noted. The capability of SARS-
CoV-2 to infect neurons has been suggested by a recent
study, and neuropathological autopsy findings suggest-
ing CNS infection in some patients with COVID-19 have
indeed been published [5, 6].

As a limitation, SARS-CoV-2-CSE-PCR was negative in
both cases. PCR was also negative in 82 further samples
tested in this study. These findings from a large cohort
confirm results from small case series and case reports
also describing negative SARS-CoV-2-CSE-PCR results
in patients with COVID-19 and neurological symptoms
(summarized in [47]) and from a smaller French single-
center study that found no unequivocally PCR-posi-
tive samples among 23 CSF samples from patients with
COVID-19 (two post-mortem CSF samples were border-
line positive in that study, but blood contamination was
suspected in at least one of these, which was blood-PCR
positive) [48].

A negative PCR result does not per se rule out infection
of the nervous system. In a recent study, 96/96 Danish
CSF samples from patients with encephalitis due to infec-
tion with tick-borne encephalitis virus, all of whom met
the European Centre for Disease Prevention and Control
(ECDCQ) criteria, were found to be reverse transcriptase
(RT)-PCR-negative. In HSVE, a positive CSF PCR result
is sometimes obtained only in sequential LP [49-51],
probably reflecting both a relatively low viral load in the
CSF at onset and the rostro-caudal gradient (lower con-
centrations in lumbar than in ventricular or cisternal CSF
samples) that affects all CSF parameters in patients with
CNS disease. In accordance with this notion, SARS-CoV-
2-CSF-PCR was initially negative in a patient reported by
Huang et al. (2020) but found positive by RT-PCR upon
repeat LP [52]. This said, PCR was negative both in the
initial and in a follow-up CSF sample in 6 patients of the
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present cohort and both in samples taken shortly after
neurological onset and in samples taken 1-2 weeks later
after neurological onset. No ventricular CSF or brain tis-
sue were available for PCR testing in this study.

Similarly, the lack of CSF-restricted total IgG OCB and
of quantitative evidence of intrathecal total IgG synthe-
sis in those two patients with a positive SARS-CoV-2-Al
and pleocytosis does not formally rule out CNS infection
with SARS-CoV-2 either. Total IgG OCB (and also QIgG)
are rather markers of chronic inflammation and may be
negative at onset. Higher sensitivity of antigen-specific
IgG AI than of markers of total IgG synthesis such as
OCBs and immunoglobulin ratios has been previously
shown [53-62]. For example, it has long been known that
OCB are detectable only in a subset of VZV-Al-positive
patients with (PCR-proven) varicella zoster meningitis or
facial paresis[56]. Similarly, positive virus-specific Al and
positive antigen-specific OCB, being part of the so-called
polyspecific, intrathecal humoral immune response
(‘MRZ reaction’), have been found in patients with nega-
tive total IgG OCB and normal QIgG in multiple sclerosis
[59-62].

We recommend that future studies on patients with
COVID-19 and neurological symptoms should generally
consider not only WCC, PCR, and markers of total IgG
synthesis such as OCB and QIgG but also the SARS-CoV-
2-IgG-Al (and, ideally, the SARS-CoV-2-IgA and -IgM
AI), which might have diagnostic and prognostic impli-
cations, and, provided sequential LP are performed for
clinical purposes, should examine the temporal dynam-
ics of the intrathecal antiviral immune response in more
detail. As the median interval between onset of neuro-
logical symptoms and Al determination was relatively
short in the present cohort (median 5, range 1-49 days),
results from follow-up LPs may be of particular interest.
Based on the finding of high IL-6 and TNF-alpha CSF/
serum ratios and indices in the only SARS-CoV-2-IgG-
Al-positive patient tested but not in any other patients,
such studies should evaluate also IL-6 and TNF-alpha as
supplementary markers of acute intrathecal inflamma-
tion in COVID-19. Finally, also potential cross-reactivity
between anti-SARS-CoV-2 antibodies and neuronal anti-
gens (as recently discussed [63]) could explain the rare
finding of a positive SARS-CoV-2 Al in the absence of
a positive SARS-CoV-2 PCR and deserves to be investi-
gated in more detail.

A striking feature in this cohort was the high frequency
of BCB dysfunction. Disturbed BCB integrity, indicated
by an increased albumin CSF/serum ratio, was present
not only at onset but also in samples taken more than
30 days later. The presence of BCB dysfunction suffi-
ciently explains the elevated CSF immunoglobulin and
free kappa and lambda light chain concentrations and the
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high total TP concentrations found in some patients, as
indicated by a highly significant correlation of both CSF
IgG and CSF TP with QAIb and the lack of QIg elevation.

Most importantly, in most cases BCB dysfunction was
not associated with signs of cellular or humoral inflam-
mation. Accordingly, a high rate of ACD was found
(around 40% of all samples and around 80% in those with
elevated QAlb). It is thus likely that BCB dysfunction was
not primarily a result of intrathecal inflammation in our
patients. The generally high rate of ACD needs also to be
considered as a caveat when diagnosing patients present-
ing with COVID-19 and signs and symptoms of periph-
eral nerve disease. While ACD is an important marker of
GBS, its predictive value for that disease may be lower in
patients with COVID-19.

Little is known about the exact mechanisms leading to
impaired BCB function in COVID-19. These may include
direct infection (and subsequent apoptosis) of endothe-
lial cells and other cells constituting the blood—brain bar-
rier (BBB) and the anatomic BCB with SARS-CoV-2 as
well as nonspecific inflammatory bystander damage to
these structures [64—67], SARS-CoV-2-induced periph-
eral antiendothelial autoimmunity [68] (reported also
after SARS-CoV-1 infection [69]), and hypoxia-related
damage. In fact, severe endothelial cell damage has been
repeatedly described in COVID-19 patients [65, 70, 71]
(as well as a capillary-leak syndrome in rare cases [72,
73]).

Given the existing reports on severe peripheral inflam-
mation in COVID-19 and a cytokine storm in the blood
of severely affected patients, inflammatory bystander
damage of peripheral origin to the BCB seems at least
conceivable. Blood leukocytosis is present in many
patients with acute COVID-19, and a ‘mirror OCB pat-
tern’ (also termed pattern 4), which may indicate periph-
eral, polyclonal acute inflammation, was present in 56%
of our patients. Moreover, inflammatory cytokines,
including markers indicating cellular inflammation, were
frequently and persistently elevated in many patients
in this cohort at the time of LP, with very high values
in some. The spectrum of increased soluble markers of
inflammation observed in our patients was broad, includ-
ing both proinflammatory (such as IL-6, IL-8, IL1-beta,
TNEF-alpha and IFN-gamma) and anti-inflammatory
(IL-10 and IL-1RA) cytokines and cytokine receptors.
In some patients extremely high serum IL-6 levels were
noted, suggesting severe systemic inflammation, and
IL-6 remained persistently positive over time in>95% of
more than 700 samples taken over a median period of
around 1 month during COVID-19-related hospitaliza-
tion. This broad and strong activation of inflammatory
pathways renders it likely that other mediators of inflam-
mation implicated in BBB disruption not investigated in
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this cohort such as ROS (reactive oxygen species), NETs
(neutrophil extracellular traps), MMPs (matrix metal-
loproteinases) and complement may have been elevated
as well. In addition, hypoxia- or acidosis-related damage
to the BCB in ICU-treated patients [74], who account for
a high percentage of those included in this study, can-
not be ruled out; in fact, a slightly (albeit not statistically
significant) higher rate of BCB dysfunction was found in
ICU-treated patients (58 vs. 41.5%). Finally, QAIb eleva-
tion and ACD were associated with GBS (N=3) or brain
infarction/bleeding (N=7), conditions known to cause
BCB dysfunction, in a relatively small subset of patients
in this cohort.

An alternative (or additional) explanation for QAlb
elevation is a change in CSF flow rate [25], which could,
hypothetically, be caused by decreased CSF produc-
tion or CSF resorption (e.g. due to infection [75-77] or
inflammatory bystander damage affecting the function
of the choroid plexus, the arachnoid granulations, or the
cranial and/or spinal nerve sheaths).

CSF L-lactate levels were elevated in a quarter of our
patients, based on age-dependent reference ranges, with
a trend towards higher levels in acute samples. Physi-
ologically, CSF L-lactate levels are relatively independ-
ent from serum L-lactate levels due to saturated lactate
transporters. CSF L-lactate correlated significantly with
QAIlb, however, and the median L-lactate CSF level was
significantly higher and CSF-lactate elevation signifi-
cantly more common in patients with BCB dysfunction,
suggesting a possible contribution of serum L-lactate to
CSF level. Regrettably, L-lactate levels were not deter-
mined in the serum. However, CSF levels are usually
higher than serum levels, rendering it more likely that
CSF L-lactate and QAIb independently reflect the extent
of CNS damage.

CSF L-lactate levels were also weakly correlated with
the CSF WCC. Among CSF white cells, granulocytes are
a known source of CSF L-lactate [78—82]. However, the
frequency of pleocytosis was low and only few patients
had neutrophils in the CSE. Accordingly, the frequency
of L-lactate elevation did not differ between samples with
and without granulocytes and no significant correlation
between CSF granulocyte counts and CSF L-lactate levels
was found in the present cohort. CSF L-lactate is thought
to be produced also by astrocytes, which form an essen-
tial part of the BBB, following glutamate stimulation [83,
84].

Finally, neurons may switch to glycolysis, in particular
when their capacity to metabolize anaerobically the lac-
tate of astrocytic origin is exhausted [84]. The elevated
L-lactate levels may thus reflect cerebral hypoxia due to
COVID-19-induced pneumonia or cerebral ischemia [85,
86]. CSF L-lactate levels were indeed significantly higher
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in the subgroup of patients requiring ventilation at the
time of LP or within 1 week before or after LP. Further
studies are needed to better characterize the sources of
intrathecal L-lactate in COVID-19.

The relatively high frequency of normal CSF findings
means that altered CSF parameters in patients present-
ing with COVID-19 and neurological symptoms, in par-
ticular pleocytosis, intrathecal immunoglobulin synthesis
and unusually high QAIb values, should always prompt
clinicians to consider the presence of pre- or coexist-
ing conditions, which may require specific treatment
and must thus not be overlooked or mistaken for direct
effects of COVID-19. In fact, a broad panel of coexisting
neurological diseases was present in this cohort, which
is hardly astonishing given the currently high prevalence
of COVID-19. Importantly, these patients were analyzed
separately (group II). The CSF findings in this subgroup
were mainly representative of the respective comorbidity.

From a clinical point of view, it is also important to
keep in mind that restricting CSF analysis to a basic
panel (CSF WCC, TP, and L-lactate), as is often practiced
in non-tertiary care or emergency settings, was associ-
ated with a relatively high rate of false-negative reports
in our cohort. We strongly recommend applying a more
complete panel including QAIb and, to rule out differ-
ential diagnoses, also QIgG, QIgA and QIgM, whenever
possible.

While the absence of signs of intrathecal inflammation
also in almost all samples obtained >14 days and even
>30 days since neurological onset (including 89% and
81% in the B/SC subgroup) suggests that timing issues
were not a general confounder, it cannot be fully ruled
out that the humoral immune response had simply not
yet developed at the time of LP at least in some cases.
In HSVE, CSF is normal in 10-20% of cases during the
early phase of disease, with a delay of around 1 week in
the onset of the antibody response [35, 87, 88]. Moreo-
ver, a normal cell count or normal immunoglobulin
ratios do not exclude indirect effects on the CNS due
to systemic SARS-CoV-2 infection (e.g. induced by
hypoxia, thromboembolic events triggered by COVID-
19, or cytokines entering the CNS from the periphery,
which are known to mediate not only inflammatory but
also non-inflammatory effects in the nervous system).
Therefore, it is important to underline that the absence
of CSF signs of intrathecal inflammation should not
lead one to prematurely dismiss patient-reported neuro-
logical symptoms as not being related to COVID-19. Of
note, a recent study of autopsy specimens from patients
with COVID-19 detected SARS-CoV-2 in cortical neu-
rons as well as pathological features suggestive of infec-
tion, which were associated with only minimal immune
cell infiltrates [6].
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A lack of inflammatory pleocytosis and intrathecal
total IgG synthesis does also per se not exclude CNS
inflammation of autoimmune etiology. For example, in
myelin oligodendrocyte glycoprotein-IgG-associated
encephalomyelitis (MOG-EM) [89], a normal CSF has
been observed in ~10% of all samples, both in children
and adults, strongly depending on lesion sites (more
commonly normal in optic neuritis than in brain dis-
ease, and least frequently in spinal cord disease) and
OCB are missing in around 90% in this condition [13,
14]. Similarly, a lack of intrathecal IgG synthesis has
been observed in the vast majority of patients with
AQP4-IgG-positive NMOSD [15, 90, 91], in LGI1-IgG-
associated encephalitis [92, 93], and in IgLON5-IgG-
positive encephalomyelitis [92]), in a subset of patients
with other CNS disorders of supposed autoimmune eti-
ology such as Balo’s concentric sclerosis [17], Schilder’s
disease [18], histopathologically defined “pattern II”
and “pattern I1I” MS [16].

It is of interest in this context, that antibodies to neu-
ral antigens have been reported in some patients with
COVID-19 [94, 95], rendering it theoretically possible
that virus-induced autoimmunity plays a role in a sub-
set of patients with COVID-19 and neurological symp-
toms. However, independent confirmation of specific
autoantibodies from larger and independent cohorts is
widely lacking, as is information about target antigens
in patients with supposed post-COVID-19 autoimmun-
ity. In the present cohort, 1413 individual tests for estab-
lished anti-neuronal antibodies were performed in the
CSF and serum but were almost all negative. Moreover,
41 samples were in addition tested on nervous tissue sec-
tions and did not reveal evidence of unknown autoanti-
bodies. Timing may be critical, however, and follow-up
studies, especially in those with long-term sequelae (‘long
COVID-19’) are certainly warranted. This is the largest
number of tests for antineural antibodies reportedso far
in studies on COVID-19.

The fact that BCB dysfunction and elevated levels of
inflammatory cytokine levels (especially IL-6) persisted
over weeks and months, respectively, is of interest in light
of the many reports of patients with ‘non-specific’ long-
term sequelae of COVID-19 such as malaise, fatigue, or
cognitive impairment. Studies addressing the relevance
of cytokines and BCB disruption in ‘long COVID’ are
currently underway.

Of note, HSVE and VZV meningoencephalitis, respec-
tively, were present in two patients. Whether infection
with SARS-CoV-2 may promote reactivation of latent
herpes virus infection remains to be investigated. While
a number of reports on COVID-19-associated VZV
(and, in one case, HSV-1 [96]) reactivation exist [97-99],
including a case of suspected VZV encephalitis [100],
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coincidence cannot be ruled out given the high current
prevalence of COVID-19. A further patient in the present
series suffered from JC-virus induced PML. These find-
ings underline the importance of considering the pres-
ence of additional, coexisting viral disease in all patients
diagnosed with COVID-19. The detection of SARS-
CoV-2 infection should not prompt one to dispense addi-
tional microbiological laboratory diagnostics. Rather, the
diagnostic work-up in patients with proven SARS-CoV-2
infection and neurological symptoms should always be
supplemented by PCR and Al analyses for coexisting
viral infections.

Strengths and limitations

We consider the high number of samples included
and the availability of follow-up samples as particular
strengths of this study, together with the high number
of parameters assessed. A further strength is the strati-
fication according to the presence of pre- or coexisting
disorders, which helped to identify CSF alterations attrib-
utable to conditions other than SARS-CoV-2 infection.

The retrospective and multicenter design of this study
is a potential limitation. However, LP is an invasive and
potentially harmful procedure that widely precludes
prospective studies. The multicenter design can also be
viewed as a strength, since it helped to reduce potential
center-specific selection bias. Moreover, CSF diagnosis is
highly standardized in central European university CSF
laboratories, with centers participating in regular round-
robin tests required for obtaining quality certification.
Finally, given the relatively low prevalence of neurologi-
cal involvement severe enough to justify LP in COVID-
19, a multicenter approach was necessary for inclusion
of a sufficiently large number of patients in a short time,
which was important given the current pandemic
situation.

It is a limitation that some parameters, such as anti-
neural autoantibodies, interleukins, interleukin recep-
tors, chemokines, and kappa and lambda light chains,
are not routinely assessed at some centers and, accord-
ingly, data were available only for a subset of patients. It is
therefore unknown whether the results reported here are
representative for the total cohort. While we provide a
large dataset for some of these parameters (1509 individ-
ual cytokine measurements; 939 individual autoantibody
test results), more studies investigating these parameters
are certainly warranted, for which our results may pro-
vide a rationale. Similarly, no predefined criteria for per-
forming LP were used. Instead, the decision for LP was
made in a clinical ‘real-life’ context based on the patient’s
clinical and paraclinical presentation. While this could
theoretically have introduced referral bias (e.g., if thresh-
olds for performing LP were higher at some centers),
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this is unlikely given that all LPs were performed in the
setting of academic tertiary care hospitals with similar
standards of care. CSF analysis is part of the general rou-
tine workup of patients with neurological symptoms of
unknown cause in Germany, Austria, Switzerland, and
Italy.

A trend towards more frequent and more severe CSF
alterations in patients classified as having ‘severe’ or
‘moderate’ neurological deficits at the time of LP by the
treating centers than in those with ‘mild’ deficits was
noted. However, no standardized criteria for disease
severity could be applied due to the retrospective nature
of this study and the plethora of manifestations present.
Further studies are needed to better define the relation-
ship of disease severity and CSF findings in patients with
COVID-19 and neurological involvement.

Finally, as this study was performed at European
centers, most patients were of ‘Caucasian’ origin. It is
unknown if our results are valid also for other ethnicities.

Conclusions

In summary, our study demonstrates (i.) that BCB dys-
function, as indicated by elevated QAIlDb, is the most com-
mon pathological CSF feature in patients with COVID-19
and neurological symptoms and may remain present for
several weeks; (ii.) that BCB dysfunction in COVID-19
is not typically caused by intrathecal inflammation, as
indicated by a lack of pleocytosis (and, correspondingly,
a high rate of ACD) and intrathecal IgG synthesis in
most patients with elevated QAIlb, favoring a peripheral
origin (e.g., due to systemic hypoxia, ischemia, elevated
serum levels of cytokines and other mediators of inflam-
mation, endothelial cell/choroid plexus infection with
SARS-CoV-2, possibly antiendothelial autoimmunity);
(iii.) that classical signs of intrathecal CSF inflammation
(pleocytosis, CSF-restricted OCB, positive QIgG, QIgA
or QIgM) are generally rare in patients with COVID-19
and neurological symptoms, both in samples obtained in
the acute phase and in samples obtained later and irre-
spective of clinical disease severity; (iv.) that the SARS-
CoV-2-IgG antibody index, which was elevated in 2 of
the 3 only patients with marked pleocytosis (and in 2/20
patients tested), may be a marker of potential interest
(alongside the SARS-CoV-2-IgM and -IgA AI) that may
indicate either rare SARS-CoV-2 infection of the CNS in
COVID-19 or cross reactivity of SARS-CoV-2-IgG with
CNS antigens and which may be more sensitive than
markers of total IgG synthesis, although more studies
on the frequency, diagnostic and prognostic implica-
tions, and temporal dynamics of SARS-CoV-2 Al eleva-
tion in COVID-19 are needed; (v.) that proinflammatory
cytokine levels are frequently elevated in the CSF in
patients with COVID-19 and that this often reflects BCB
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dysfunction rather than intrathecal cytokine synthesis, as
indicated by CSF/serum cytokine ratios and indices; (vi.)
that the IL-6 and TNF-alpha CSF/serum ratios and indi-
ces may be worthwhile being investigated in future stud-
ies on CSF findings in COVID-19 as potential markers
of CNS infection with SARS-CoV-2, given that the only
patient positive also exhibited increased SARS-CoV-2-
IgG, -IgM and -IgA Al as well as marked CSF pleocytosis;
(vii.) that elevated cytokine levels, like BCB dysfunction,
may remain detectable over weeks and months, suggest-
ing a potential role in long COVID’ (or ‘post-COVID’),
all the more since some of these cytokines are known
to exert also non-inflammation-related undesirable
effects in the CNS; (viii.) that anti-neuronal and anti-glial
autoantibodies as detectable by routine methodology are
rare in patients with COVID-19 and neurological symp-
toms (although more studies in that regard are required,
which should also include patients with long COVID’);
(ix.) that SARS-CoV-2-PCR is typically negative in CSF
samples from patients with COVID-19 and neurological
symptoms (but should not be dismissed since it might
prove useful in individual patients) and should always be
accompanied by PCR testing for other viral diseases of
the CNS, which can coexist with COVID-19, as was the
case in several patients of this cohort; (x.) that ‘normal’
CSF findings are not rare (but should not lead to pre-
mature dismissal of the presence of COVID-19-related
CNS damage, for false-negative results may occur in
emergency or non-tertiary care settings when only a basic
panel of parameters is assessed and indirect sequelae of
COVID-19, e.g., due to ischemia or systemic hypoxia,
might not result in marked CSF alterations); and, last
but not least, (xi.) the importance of considering differ-
ential diagnoses in all patients presenting with neurologi-
cal symptoms and a positive SARS-CoV-2 swab. Broad
CSF analysis, including extensive screening for viruses by
PCR as well as for pathological Als and autoantibodies, is
essential to avoid misinterpretation of treatable coexist-
ing neurological disorders as complications of COVID-
19. Given the relative rarity of CSF pathology observed
in group I, we recommend that markedly altered CSF
findings, in particular an increased WCC, should not
only prompt SARS-CoV-2-IgG Al and SARS-CoV-2 PCR
testing to detect cases of possible CNS infection with that
virus but also broad differential diagnostic endeavors to
identify or rule out co-existing CNS disorders in patients
with COVID-19 and neurological symptoms.

Abbreviations

AMPA1/2-R: a-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor;
AQP4: Aquaporin-4; AQP4-IgG: AQP4 immunoglobulin G; BB: Borrelia burg-
dorferi; BCB: Blood-CSF barrier; CMV: Cytomegalovirus; CASPR2: Contactin-
associated protein-like 2; CSF: Cerebrospinal fluid; DNER: Delta and Notch-like
epidermal growth factor-related receptor; DPPX: Dipeptidyl-peptidase-like

Page 29 of 33

protein-6; EBV: Epstein Barr virus; IF: Intrathecal fraction; GABA-B1/2-R:
G-protein coupled receptors B1/2 for gamma-aminobutyric acid; GAD65:
Glutamic acid decarboxylase 65; GIUR5: Metabotropic glutamate receptor 5;
HHV6: Human herpes virus 6; HSV: Herpes simplex virus; HSVE: HSV encepha-
litis; IgG/M/A: Immunoglobulin G/M/A; IgLON-5: IgLON family member 5; IS:
Intrathecal synthesis; LG1: Leucine-rich, glioma inactivated protein 1; LP: Lum-
bar puncture; MOG: Myelin oligodendrocyte glycoprotein; EM: Encephalomy-
elitis; NAChR: Nicotinergic (i.e. ganglionic) acetylcholine receptors; NMDA-R:
N-methyl-D-aspartate receptor; NMO: Neuromyelitis optica; NMOSD: NMO
spectrum disorders; OCB: Oligoclonal bands; ON: Optic neuritis; QAlb: Aloumin
CSF/serum ratio; QlgG: IgG CSF/serum ratio; QlgM: IgM CSF/serum ratio; QIgA:
IgA CSF/serum ratio; SOX1: SRY-box transcription factor 1;VZV: Varicella zoster
virus; Zic4: Zic family member 4.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512974-021-02339-0.

[ Additional file 1. Table S1. Patient and subgroup characteristics. }

Acknowledgements
J.L.is grateful to Loana Penner and Mehtap Turedi for help with collecting
clinical data.

Authors’ contributions

S.J.and B.W. conceived the study and collected the data. SJ. set up the
database, analysed the data, performed the statistical analyses, and wrote the
manuscript. All authors were involved in collecting and interpreting clinical
and laboratory data. All authors were involved in revising the manuscript for
intellectual content. All authors read and approved the final manuscript.

Funding

Open Access funding enabled and organized by Projekt DEAL. This study was
supported by the Ministry of Education and Research of Baden-Wurttemberg,
Germany (to J.L; award number 1499 TG93 U1). The Neuroimmunology and
Multiple Sclerosis Research Section, Department of Neurology, University
Hospital Zurich, Zurich, Switzerland, is supported by the Clinical Research
Priority Program (CRPP) MS as well as the CRPP Precision-MS of the Univer-
sity Zurich. The work was partly supported by the Swiss National Science
Foundation (grant number 4078P0_198345, title: Protective and Pathogenic T
Cell Immunity During SARS-CoV-2 Infection) and the Loop Zurich, COVID-19
project (SARS-CoV-2-induced immune alterations and their role in post-COVID
Syndrome). The work of FLP. was supported by the ‘BIH-Charité Clinician
Scientist Program’funded by the Charité—Universitdtsmedizin Berlin and the
Berlin Institute of Health, Berlin, Germany. We acknowledge financial support
by the Open Access Publishing Fund of Ruprecht-Karls-Universitdt Heidelberg
(to BW.)

Availability of data and materials

The datasets generated and/or analyzed during the current study are not
publicly available but can be obtained from the corresponding author upon
reasonable request.

Declarations

Ethics approval and consent to participate
The study was approved by the local review boards of the participating cent-
ers. Patients gave written informed consent.

Consent for publication
Not applicable.

Competing interests

S.J. has nothing to disclose. FI.P. has nothing to disclose. PK. has nothing to
disclose. I.J. has received speaker honoraria or unrestricted grants from Biogen
Idec and Novartis and has served as advisor for Alexion, Neuway, Merck,
Novartis and Sanofi Genzyme; none of these are related to this study. M.Ste.


https://doi.org/10.1186/s12974-021-02339-0
https://doi.org/10.1186/s12974-021-02339-0

Jarius et al. Journal of Neuroinflammation 2022, 19(1):19

served on the scientific advisory boards and/or received speaker honoraria,
travel funding or honoraria for medical writing from UCB, Biogen Idec; Grifols,
Genzyme, Roche, Merck, Novartis, Octapharma, CSL Behring, Sanofi-Aventis,
TEVA, and Bayer; none related to this study. D.F. has nothing to disclose. EK.
received grants from the Swiss National Science Foundation, Swiss Innovation
Promotion Agency (CTI, Innosuisse), European Commission (Eurostars), Velux,
von Tobel and USZ foundations; she is member of the advisory boards of

Zoll Medical, Bard Medical, Portola. B.N. has nothing to disclose. M.R. received
speaker honoraria from Novartis, Bayer Vital GmbH, Roche, Alexion and Ipsen
and travel reimbursement from Bayer Schering, Biogen Idec, Merz, Genzyme,
Teva, Roche, and Merck, none related to this study. M.Se. has nothing to
disclose. AR. has nothing to disclose. J.FEW. has nothing to disclose. A.B. has
nothing to disclose. M.B. has nothing to disclose. M.C. received personal fees
for speaking honoraria and advisory board participation by Biogen, Merck,
Novartis, Sanofi, Roche. A.E. has nothing to disclose. I.R. has nothing to
disclose. R.D. received lecture fees from Roche and travel grants from Biogen,
none related to this study. S.R. reports receiving consulting and lecture fees,
grant and research support from Bayer Vital GmbH, Biogen, Celgene, Merck
Serono, Novartis, Sanofi-Aventis, Genzyme, Roche and Teva, none related to
this study; furthermore, SR indicates that he is a founding executive board
member of ravo Diagnostika GmbH Freiburg. K.S. has nothing to disclose. l.A.
received travel grants from Biogen Idec and Guthy-Jackson Charitable Founda-
tion, speaker honoraria from Alexion, Merck, Roche and Santhera, served

on scientific advisory boards for Roche and Alexion and received research
support from Diamed, none related to this manuscript. C.C.G. received speaker
honoraria from Mylan, Bayer Healthcare, and Sanofi-Genzyme and travel/
accommodation/meeting expenses from Bayer Healthcare, Biogen, EUROIM-
MUN, Novartis, and Sanofi-Genzyme; she also received research support
from Biogen, Novartis, and Roche; none related to the current study. H.H. has
participated in meetings sponsored by, received speaker honoraria or travel
funding from Bayer, Biogen, Merck, Novartis, Roche, Sanofi-Genzyme, Siemens
and Teva, and received honoraria for consulting from Biogen, Novartis and
Teva. MK. has received speaker honoraria from Bayer, Novartis, Merck, Biogen
Idec and Teva Pharmaceutical Industries Ltd. and serves on scientific advisory
boards for Biogen Idec, Merck Serono, Roche, Novartis, Bristol-Myers Squibb
and Gilead. He received research grants from Teva Pharmaceutical Industries,
Ltd,, Biogen and Novartis. |.K. has received personal compensation for consult-
ing, serving on a scientific advisory board, speaking, or other activities with
Alexion, Biogen, Celgene, chugai, QVIA Merck, Mylan, Novartis, Roche, Sanofi;
none related to this study. T.L. received lecture fees from Pfizer Deutschland
GmbH; he received research grants from Baxter Deutschland GmbH and from
Stiftung Hospital zum Heiligen Geist Frankfurt, Germany; none related to this
study. JH. has nothing to disclose. O.A. has nothing to disclose. K.A. reports
conflicts of interest not related to this paper, including speaker fees from
Biogenldec and travel grants before 2015 from Alexion, Bayer, Biogenldec,
MerckSerono, Novartis and Teva; his institution has been reimbursed for

his role as a principal investigator in trials in Neuroimmunology for Alexion,
Bayer, Biogenldec, MerckSerono, Novartis and Roche. CK. has nothing to
disclose. J.L. received funding for COVID-19 research from the Ministry for
Education and Research Baden-Wiirttemberg (1499 TG93 U1); non-related to
this paper, he received speaker fees or travel compensation from UCB, Bayer,
Roche, Teva and the Cure Huntington’s Disease Initiative (CHDI); his institu-
tion has been reimbursed for his role as a principal investigator in trials for
UCB and CHDI; his research is funded by the European Huntington'’s Disease
Initiative and the German Federal Ministry of Education and Research (BMBF).
H.T. reports conflicts of interest not related to this publication including
funding for research projects, lectures and travel from Alexion, Bayer, Biogen,
Celgene, Genzyme, Fresenius, Merck, Mylan, Novartis, Roche, Siemens Health
Diagnostics, and Teva, and received research support from DMSG and Ger-
man Federal Ministry of Education and Research (BMBF). Fr.P. has nothing to
disclose. M.Sta. has nothing to disclose. K.R. received research support from
Novartis, Merck Serono, German Ministry of Education and Research, European
Union (821283-2), Stiftung Charité (BIH Clinical Fellow Program) and Arthur
Arnstein Foundation; received speaker honoraria from Bayer and travel grants
from Guthy Jackson Charitable Foundation; none of these are related to

this study. B.W. received grants from the German Ministry of Education and
Research, Deutsche Forschungsgemeinschaft, Dietmar Hopp Foundation and
Klaus Tschira Foundation, grants and personal fees from Merck Serono, Sanofi
Genzyme, Novartis pharmaceuticals, and personal fees from Alexion, Bayer,
Biogen, Teva; none related to this work.

Page 30 of 33

Author details

"Molecular Neuroimmunology Group, Department of Neurology, Uni-

versity of Heidelberg, Heidelberg, Germany. >Department of Neurology,
Charité—Universitatsmedizin Berlin, Corporate Member of Freie Universitat
Berlin and Humboldt-Universitat zu Berlin, Berlin, Germany. *German Center
for Neurodegenerative Diseases (DZNE) in Magdeburg, Magdeburg, Germany.
“Neuroimmunology and Multiple Sclerosis Research Section, Department

of Neurology, University Hospital Zurich, Zurich, Switzerland. *Department

of Neurology and Center for Translational Neuro- and Behavioral Sciences
(C-TNBS), University Medicine Essen, University of Duisburg-Essen, Essen,
Germany. °IRCCS Ospedale Policlinico San Martino, Genoa, Italy. ”Neurocriti-
cal Care Unit, Department of Neurosurgery and Institute of Intensive Care,
University Hospital and University of Zurich, Zurich, Switzerland. ®Department
of Neurology, University of Regensburg, Regensburg, Germany. °Department
of Neurology, DONAUISAR Klinikum Deggendorf, Deggendorf, Germany.
°Department of Neurology, Medical Faculty, Heinrich-Heine-University Dis-
seldorf, Dusseldorf, Germany. ' Department of Neurology, Center for Neurol-
ogy and Neuropsychiatry, LVR-Klinikum, Heinrich-Heine-University Disseldorf,
Diisseldorf, Germany. '?Department of Neurology, Ulm University, Ulm,
Germany. *Medica Medical Laboratories Dr. F. Kaeppeli AG, Zurich, Switzer-
land. "Institute of Intensive Care Medicine, University Hospital and University
of Zurich, Zurich, Switzerland. > Department of Neurology, School of Medicine,
Technical University of Munich, Munich, Germany. '®Department of Gastroen-
terology, Hepatology and Endocrinology, Hannover Medical School, Hannover,
Germany. '/Regional Referral Multiple Sclerosis Centre, Department of Neurol-
ogy, University Hospital S. Luigi - Orbassano (I), Orbassano, Italy. '®Depart-
ment of Neurology, University Hospital Zurich, Zurich, Switzerland. '*Clinic

of Neurology and Neurophysiology, Medical Center University of Freiburg,
Faculty of Medicine, University of Freiburg, Freiburg, Germany. 2’Department
of Neurology, University Medical Center of the Johannes Gutenberg University
Mainz, Mainz, Germany. >' Department of Neurology, St. Josef-Hospital, Ruhr-
University Bochum, Bochum, Germany. 22Department of Neurology, Sechenov
First Moscow State Medical University, Moscow, Russia. ’Department

of Neurology with Institute of Translational Neurology, University and Univer-
sity Hospital Minster, Miinster, Germany. 2‘Department of Neurology, Medical
University of Innsbruck, Innsbruck, Austria. >Department of Neurology, Medi-
cal University of Graz, Graz, Austria. “°Neuroinfectiology Group, Department
of Neurology, University of Heidelberg, Heidelberg, Germany. %/ Specialty
Hospital of Neurology Dietenbronn, Schwendi, Germany. *Experimental

and Clinical Research Center, Max Delbrueck Center for Molecular Medicine
and Charité—Universititsmedizin Berlin, Berlin, Germany. °Clinical Neuroim-
munology and Neurochemistry, Department of Neurology, Hannover Medical
School, Hanover, Germany.

Received: 21 June 2021 Accepted: 2 December 2021
Published online: 20 January 2022

References

1. Leonardi M, Padovani A, McArthur JC. Neurological manifestations
associated with COVID-19: a review and a call for action. J Neurol.
2020;267:1573-6.

2. Chen X, Laurent S, Onur OA, Kleineberg NN, Fink GR, Schweitzer F,
Warnke C. A systematic review of neurological symptoms and compli-
cations of COVID-19. J Neurol. 2021;268:392-402.

3. Rogers JP, Chesney E, Oliver D, Pollak TA, McGuire P, Fusar-Poli P, Zandi
MS, Lewis G, David AS. Psychiatric and neuropsychiatric presentations
associated with severe coronavirus infections: a systematic review and
meta-analysis with comparison to the COVID-19 pandemic. Lancet
Psychiatry. 2020;7:611-27.

4. FuchsV, Kutza M, Wischnewski S, Deigendesch N, Lutz L, Kulsvehagen
L, Ricken G, Kappos L, Tzankov A, Hametner S, et al. Presence of SARS-
CoV-2 transcripts in the choroid plexus of ms and non-ms patients with
COVID-19. Neurol Neuroimmunol Neuroinflamm 2021;8:957.

5. Meinhardt J, Radke J, Dittmayer C, Franz J, Thomas C, Mothes R, Laue
M, Schneider J, Brunink S, Greuel S, et al. Olfactory transmucosal SARS-
CoV-2 invasion as a port of central nervous system entry in individuals
with COVID-19. Nat Neurosci. 2021,24:168-75.



Jarius et al. Journal of Neuroinflammation 2022, 19(1):19

20.

22.

Song E, Zhang C, Israelow B, Lu-Culligan A, Prado AV, Skriabine S, Lu P,
Weizman OE, Liu F, Dai Y, et al. Neuroinvasion of SARS-CoV-2 in human
and mouse brain. J Exp Med. 2021.

Alexopoulos H, Magira E, Bitzogli K, Kafasi N, Vlachoyiannopoulos P,
Tzioufas A, Kotanidou A, Dalakas MC. Anti-SARS-CoV-2 antibodies in
the CSF, blood-brain barrier dysfunction, and neurological outcome:
Studies in 8 stuporous and comatose patients. Neurol Neuroimmunol
Neuroinflamm 2020;7:e893.

Bodro M, ComptaY, Llanso L, Esteller D, Doncel-Moriano A, Mesa A,
Rodriguez A, Sarto J, Martinez-Hernandez E, Vlagea A, et al. Increased
CSF levels of IL-1beta, IL-6, and ACE in SARS-CoV-2-associated encepha-
litis. Neurol Neuroimmunol Neuroinflamm 2020;7:e821.

Tandon M, Kataria S, Patel J, Mehta TR, Daimee M, Patel V, Prasad A,
Chowdhary AA, Jaiswal S, Sriwastava S. A Comprehensive Systematic
Review of CSF analysis that defines Neurological Manifestations of
COVID-19. Int J Infect Dis. 2021;104:390-7.

Tuma RL, Guedes BF, Carra R, lepsen B, Rodrigues J, Camelo-Filho AE,
Kubota G, Ferrari M, Studart-Neto A, Oku MH, et al. Clinical, cerebrospi-
nal fluid, and neuroimaging findings in COVID-19 encephalopathy: a
case series. Neurol Sci. 2021;42:479-89.

Lewis A, Frontera J, Placantonakis DG, Lighter J, Galetta S, Balcer L,
Melmed KR. Cerebrospinal fluid in COVID-19: a systematic review of the
literature. J Neurol Sci. 2021;421:117316.

Lersy F, Benotmane I, Helms J, Collange O, Schenck M, Brisset JC, Cham-
mas A, Willaume T, Lefebvre N, Solis M, et al. Cerebrospinal fluid features
in patients with coronavirus disease 2019 and neurological manifesta-
tions: correlation with brain magnetic resonance imaging findings in 58
patients. J Infect Dis. 2021;223:600-9.

Jarius S, Pellkofer H, Siebert N, Korporal-Kuhnke M, Hummert MW,
Ringelstein M, Rommer PS, Ayzenberg |, Ruprecht K, Klotz L, et al.
Cerebrospinal fluid findings in patients with myelin oligodendrocyte
glycoprotein (MOG) antibodies. Part 1: Results from 163 lumbar punc-
tures in 100 adult patients. J Neuroinflammation. 2020;17:261.

Jarius S, Lechner C, Wendel EM, Baumann M, Breu M, Schimmel M,
Karenfort M, Marina AD, Merkenschlager A, Thiels C, et al. Cerebrospinal
fluid findings in patients with myelin oligodendrocyte glycoprotein
(MOG) antibodies. Part 2: Results from 108 lumbar punctures in 80
pediatric patients. J Neuroinflammation. 2020;17:262.

Jarius S, Paul F, Franciotta D, Ruprecht K, Ringelstein M, Bergamaschi R,
Rommer P, Kleiter |, Stich O, Reuss R, et al. Cerebrospinal fluid findings
in aquaporin-4 antibody positive neuromyelitis optica: results from 211
lumbar punctures. J Neurol Sci. 2011,306:82-90.

Jarius S, Konig FB, Metz |, Ruprecht K, Paul F, Bruck W, Wildemann B. Pat-
tern Il and pattern Il MS are entities distinct from pattern | MS: evidence
from cerebrospinal fluid analysis. J Neuroinflammation. 2017;14:171.
Jarius S, Wurthwein C, Behrens JR, Wanner J, Haas J, Paul F, Wildemann
B. Balo's concentric sclerosis is immunologically distinct from multiple
sclerosis: results from retrospective analysis of almost 150 lumbar
punctures. J Neuroinflammation. 2018;15:22.

Jarius S, Haas J, Paul F, Wildemann B. Myelinoclastic diffuse sclerosis
(Schilder’s disease) is immunologically distinct from multiple sclerosis:
results from retrospective analysis of 92 lumbar punctures. J Neuroin-
flammation. 2019;16:51.

Tumani H, Petereit H-F: Leitlinie Lumbalpunktion und Liquordiagnostik,
S1-Leitlinie, 2019, in: Deutsche Gesellschaft fur Liquordiagnostik und
Klinische Neurochemie (Hrsg.), Leitlinien fir Diagnostik und Therapie in
der Neurologie. Online: www.dgn.org/leitlinien. abgerufen am 07 May
2020.

Petereit HF, Sindern E, Wick M. [CSF diagnostics. Guidelines and
catalogue of methods of the German Society for Cerebrospinal Fluid
Diagnostics and Clinical Neurochemistry]. Heidelberg: Springer; 2007.
Tumani H, Petereit HF, Gerritzen A, Gross CC, Huss A, Isenmann S, Jesse
S, Khalil M, Lewczuk P, Lewerenz J, et al. ST guidelines “lumbar puncture
and cerebrospinal fluid analysis” (abridged and translated version).
Neurol Res Pract. 2020;2:8.

Andersson M, Alvarez-Cermeno J, Bernardi G, Cogato |, Fredman P,
Frederiksen J, Fredrikson S, Gallo P, Grimaldi LM, Gronning M, et al.
Cerebrospinal fluid in the diagnosis of multiple sclerosis: a consensus
report. J Neurol Neurosurg Psychiatry. 1994;57:897-902.

23.

24.

25.

26.

28.

29.

30.

31.

32

33.

34.

35.

37.

38.

39.

40.

41.

42.

43.

Page 31 of 33

Reiber H. Cerebrospinal fluid-physiology, analysis and interpretation
of protein patterns for diagnosis of neurological diseases. Mult Scler.
1998;4:99-107.

Reiber H, Ungefehr S, Jacobi C. The intrathecal, polyspecific and oligo-
clonal immune response in multiple sclerosis. Mult Scler. 1998;4:111-7.
Reiber H. Flow rate of cerebrospinal fluid (CSF)-a concept common to
normal blood-CSF barrier function and to dysfunction in neurological
diseases. J Neurol Sci. 1994;122:189-203.

Kuzior H, Fiebich BL, Yousif NM, Saliba SW, Ziegler C, Nickel K, Maier

SJ, Suss P, Runge K, Matysik M, et al. Increased IL-8 concentrations in
the cerebrospinal fluid of patients with unipolar depression. Compr
Psychiatry. 2020;102:152196.

Cao Y, Tao X, Xu M. Value of cerebrospinal fluid IL-8 and IFN-y level in
early diagnosis of tuberculous meningitis and evaluation of prognosis.
Acta Medica Mediterranea. 2020;36:2875.

Kaminska J, Lyson T, Chrzanowski R, Sawicki K, Milewska AJ, Tylicka M,
Zinczuk J, Matowicka-Karna J, Dymicka-Piekarska V, Mariak Z, Koper-
Lenkiewicz OM. Ratio of IL-8 in CSF versus Serum Is Elevated in Patients.
J Clin Med. 2020;9:1761.

Fassbender K, Hodapp B, Rossol S, Bertsch T, Schmeck J, Schutt S,
Fritzinger M, Horn P, Vajkoczy P, Kreisel S, et al. Inflammatory cytokines
in subarachnoid haemorrhage: association with abnormal blood flow
velocities in basal cerebral arteries. J Neurol Neurosurg Psychiatry.
2001;70:534-7.

Postal M, Ruocco HH, Brandao CO, Costallat LTL, Silva L, Cendes F,
Appenzeller S. Interferon-gamma Is Associated with Cerebral Atrophy
in Systemic Lupus Erythematosus. NeurolmmunoModulation.
2017;24:100-5.

Zaremba J, Losy J. Early TNF-alpha levels correlate with ischaemic stroke
severity. Acta Neurol Scand. 2001;104:288-95.

Glimaker M, Kragsbjerg P, Forsgren M, Olcen P. Tumor necrosis factor-
alpha (TNF alpha) in cerebrospinal fluid from patients with meningitis
of different etiologies: high levels of TNF alpha indicate bacterial
meningitis. J Infect Dis. 1993;167:882-9.

Mogi M, Harada M, Riederer P, Narabayashi H, Fujita K, Nagatsu T. Tumor
necrosis factor-alpha (TNF-alpha) increases both in the brain and

in the cerebrospinal fluid from parkinsonian patients. Neurosci Lett.
1994;165:208-10.

Starhof C, Winge K, Heegaard NHH, Skogstrand K, Friis S, Hejl A. Cer-
ebrospinal fluid pro-inflammatory cytokines differentiate parkinsonian
syndromes. J Neuroinflammation. 2018;15:305.

Wildemann B, Oschmann P, Reiber H. Laboratory diagnosis in neurol-
ogy. Stuttgart: Thieme; 2011.

Waurster U, Stachan R, Windhagen A, Petereit HF, Leweke FM. Reference
values for standard cerebrospinal fluid examinations in multiple sclero-
sis. Results from 99 healthy volunteers. Mult Scler. 2006;12:P248.
Schwenkenbecher P, Janssen T, Wurster U, Konen FF, Neyazi A, Ahl-
brecht J, Puppe W, Bonig L, Suhs KW, Stangel M, et al. The influence of
blood contamination on cerebrospinal fluid diagnostics. Front Neurol.
2019;10:584.

Abela |, Pasin C, Schwarzmdiller M, Epp S, Sickmann M, Schanz M, Rusert
P, Weber J, Schmutz S, Audigé A, et al. Multifactorial SARS-CoV-2 sero-
profiling dissects interdependencies with human coronaviruses and
predicts neutralization activity. Nat Commun 2021;12:6703.

Jarius S, Eichhorn P, Franciotta D, Petereit HF, Akman-Demir G, Wick M,
Wildemann B.The MRZ reaction as a highly specific marker of multiple
sclerosis: re-evaluation and structured review of the literature. J Neurol.
2017;264:453-66.

Dalmau J, Graus F. Antibody-mediated encephalitis. N Engl J Med.
2018;378:840-51.

Hermetter C, Fazekas F, Hochmeister S. Systematic review: syndromes,
early diagnosis, and treatment in autoimmune encephalitis. Front
Neurol. 2018;9:706.

Jarius S, Probst C, Borowski K, Franciotta D, Wildemann B, Stoecker W,
Wandinger KP. Standardized method for the detection of antibodies

to aquaporin-4 based on a highly sensitive immunofluorescence assay
employing recombinant target antigen. J Neurol Sci. 2010,291:52-6.
Jarius S, Wildemann B. Aquaporin-4 antibodies (NMO-IgG) as a serologi-
cal marker of neuromyelitis optica: a critical review of the literature.
Brain Pathol. 2013;23:661-83.


http://www.dgn.org/leitlinien

Jarius et al. Journal of Neuroinflammation 2022, 19(1):19

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Reiber H, Zeman D, Kusnierova P, Mundwiler E, Bernasconi L. Diagnostic
relevance of free light chains in cerebrospinal fluid—The hyperbolic
reference range for reliable data interpretation in quotient diagrams.
Clin Chim Acta. 2019;497:153-62.

Schwenkenbecher P, Konen FF, Wurster U, Witte T, Gingele S, Suhs KW,
Stangel M, Skripuletz T. Reiber’s diagram for kappa free light chains: the
new standard for assessing intrathecal synthesis? Diagnostics (Basel).
2019,9:194.

Kestner M, Rosler AE, Baumgartner M, Lindner A, Orth M. CSF interleu-
kin 6—a useful biomarker of meningitis in adults?/Liquor Interleukin
6—a ein sinnvoller Biomarker fur die Meningitis beim Erwachsenen. J
Lab Med. 2011;35:107-13.

Espindola OM, Siqueira M, Soares CN, Lima M, Leite A, Araujo AQC,
Brandao CO, Silva MTT. Patients with COVID-19 and neurological mani-
festations show undetectable SARS-CoV-2 RNA levels in the cerebrospi-
nal fluid. Int J Infect Dis. 2020;96:567-9.

Destras G, Bal A, Escuret V, Morfin F, Lina B, Josset L, Group CO-DHS.
Systematic SARS-CoV-2 screening in cerebrospinal fluid during the
COVID-19 pandemic. Lancet Microbe. 2020;1:2149.

Weil AA, Glaser CA, Amad Z, Forghani B. Patients with suspected herpes
simplex encephalitis: rethinking an initial negative polymerase chain
reaction result. Clin Infect Dis. 2002;34:1154-7.

Tunkel AR, Glaser CA, Bloch KC, Sejvar JJ, Marra CM, Roos KL, Hartman
BJ, Kaplan SL, Scheld WM, Whitley RJ, Infectious Diseases Society of A.
The management of encephalitis: clinical practice guidelines by the
Infectious Diseases Society of America. Clin Infect Dis. 2008;47:303-27.
Steiner I, Schmutzhard E, Sellner J, Chaudhuri A, Kennedy PG, European
Federation of Neurological S, European Neurologic S. EFNS-ENS guide-
lines for the use of PCR technology for the diagnosis of infections of the
nervous system. Eur J Neurol. 2012;19:1278-91.

Huang YH, Jiang D, Huang JT. SARS-CoV-2 detected in cerebrospinal
fluid by PCR in a case of COVID-19 encephalitis. Brain Behav Immun.
2020;87:149.

Jarius S, Stich O, Rasiah C, Voltz R, Rauer S. Qualitative evidence of Ri
specific IgG-synthesis in the cerebrospinal fluid from patients with
paraneoplastic neurological syndromes. J Neurol Sci. 2008;268:65-8.
Jarius S, Stich O, Speck J, Rasiah C, Wildemann B, Meinck HM, Rauer S.
Qualitative and quantitative evidence of anti-glutamic acid decarboxy-
lase-specific intrathecal antibody synthesis in patients. J Neuroimmunol
2010;229:219-24.

Stich O, Graus F, Rasiah C, Rauer S. Qualitative evidence of anti-Yo-
specific intrathecal antibody synthesis in patients with paraneoplastic
cerebellar degeneration. J Neuroimmunol. 2003;141:165-9.
Felgenhauer K, Reiber H. The diagnostic significance of antibody speci-
ficity indices in multiple sclerosis and herpes virus induced diseases of
the nervous system. Clin Investig. 1992;70:28-37.

Frederiksen JL, Sindic CJ. Intrathecal synthesis of virus-specific oligo-
clonal IgG, and of free kappa and free lambda oligoclonal bands in
acute monosymptomatic optic neuritis. Comparison with brain MRI.
Mult Scler. 1998;4:22-6.

Jarius S, Eichhorn P, Wildemann B, Wick M. Usefulness of antibody index
assessment in cerebrospinal fluid from patients negative for total-lgG
oligoclonal bands. Fluids Barriers CNS. 2012,9:14.

Stich O, Kluge J, Speck J, Rauer S. Oligoclonal restriction of antiviral
immunoreaction in oligoclonal band-negative MS patients. Acta Neurol
Scand. 2015;131:381-8.

Sindic CJ, Monteyne P, Laterre EC. The intrathecal synthesis of
virus-specific oligoclonal IgG in multiple sclerosis. J Neuroimmunol.
1994;54:75-80.

Brecht |, Weissbrich B, Braun J, Toyka KV, Weishaupt A, Buttmann M.
Intrathecal, polyspecific antiviral immune response in oligoclonal band
negative multiple sclerosis. PLoS ONE. 2012;7:e40431.

Stich O, Kluge J, Speck J, Rauer S. Detection of virus-specific (measles,
rubella, zoster) oligoclonal IgG-bands in CSF from multiple sclerosis
patients without oligoclonal bands of total IgG. Mult Scler. 2009;15:586.
Kreye J, Reincke SM, Pruss H. Do cross-reactive antibodies cause neuro-
pathology in COVID-19? Nat Rev Immunol. 2020;20:645-6.

Varga Z, Flammer AJ, Steiger P, Haberecker M, Andermatt R, Zinkernagel
AS, Mehra MR, Schuepbach RA, Ruschitzka F, Moch H. Endothelial cell
infection and endotheliitis in COVID-19. Lancet. 2020;395:1417-8.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

82.

83.

84.

85.

86.

Page 32 of 33

Perico L, Benigni A, Casiraghi F, Ng LFP, Renia L, Remuzzi G. Immunity,
endothelial injury and complement-induced coagulopathy in COVID-
19. Nat Rev Nephrol. 2021;17:46-64.

JinY, Jiw, Yang H, Chen S, Zhang W, Duan G. Endothelial activation and
dysfunction in COVID-19: from basic mechanisms to potential thera-
peutic approaches. Signal Transduct Target Ther. 2020;5:293.

Huang X, Hussain B, Chang J. Peripheral inflammation and blood-

brain barrier disruption: effects and mechanisms. CNS Neurosci Ther.
2021;27:36-47.

ShiH, Zuo Y, Gandhi AA, Sule G, Yalavarthi S, Gockman K, Madison JA,
Wang J, Zuo M, ShiY, et al. Endothelial cell-activating antibodies in
COVID-19. MedRxiv. 2021;109:67.

Yang YH, Huang YH, Chuang YH, Peng CM, Wang LC, Lin YT, Chiang
BL. Autoantibodies against human epithelial cells and endothelial
cells after severe acute respiratory syndrome (SARS)-associated
coronavirus infection. J Med Virol. 2005;77:1-7.

Buja LM, Wolf DA, Zhao B, Akkanti B, McDonald M, Lelenwa L, Reilly N,
Ottaviani G, Elghetany MT, Trujillo DO, et al. The emerging spectrum
of cardiopulmonary pathology of the coronavirus disease 2019
(COVID-19): Report of 3 autopsies from Houston, Texas, and review of
autopsy findings from other United States cities. Cardiovasc Pathol.
2020,48:107233.

Ackermann M, Verleden SE, Kuehnel M, Haverich A, Welte T, Laenger
F, Vanstapel A, Werlein C, Stark H, Tzankov A, et al. Pulmonary vascular
endothelialitis, thrombosis, and angiogenesis in Covid-19. N Engl J
Med. 2020;383:120-8.

Lacout C, Rogez J, Orvain C, Nicot C, Rony L, Julien H, Urbanski G. A
new diagnosis of systemic capillary leak syndrome in a patient with
COVID-19. Rheumatology (Oxford). 2021,60:e19-20.

Case R, Ramaniuk A, Martin P, Simpson PJ, Harden C, Ataya A.
Systemic capillary leak syndrome secondary to coronavirus disease
2019. Chest. 2020;158:e267-8.

Sussmuth SD, Sperfeld AD, Ludolph AC, Tumani H. Hypercapnia is

a possible determinant of the function of the blood-cerebrospinal
fluid barrier in amyotrophic lateral sclerosis. Neurochem Res.
2010;35:1071-4.

Pellegrini L, Albecka A, Mallery DL, Kellner MJ, Paul D, Carter AP,
James LC, Lancaster MA. SARS-CoV-2 infects the brain choroid plexus
and disrupts the blood-CSF barrier in human brain organoids. Cell
Stem Cell. 2020;27:951-961.e955.

McMahon CL, Staples H, Gazi M, Carrion R, Hsieh J. SARS-CoV-2
targets glial cells in human cortical organoids. Stem Cell Reports.
2021;16:1156-64.

Jacob F, Pather SR, Huang WK, Zhang F, Wong SZH, Zhou H, Cubitt

B, Fan W, Chen CZ, Xu M, et al. Human pluripotent stem cell-derived
neural cells and brain organoids reveal SARS-CoV-2 neurotropism
predominates in choroid plexus epithelium. Cell Stem Cell.
2020;27:937-950.€939.

Fishman RA, Sligar K, Hake RB. Effects of leukocytes on brain metabo-
lism in granulocytic brain edema. Ann Neurol. 1977,2:89-94.

Jordan GW, Statland B, Halsted C. CSF lactate in diseases of the CNS.
Arch Intern Med. 1983;143:85-7.

Kolmel HW, von Maravic M. Correlation of lactic acid level, cell count
and cytology in cerebrospinal fluid of patients with bacterial and
non-bacterial meningitis. Acta Neurol Scand. 1988;78:6-9.

Andersen NE, Gyring J, Hansen AJ, Laursen H, Siesjo BK. Brain acidosis
in experimental pneumococcal meningitis. J Cereb Blood Flow
Metab. 1989,;9:381-7.

Simchowitz L, Textor JA. Lactic acid secretion by human neutrophils.
Evidence for an H+ + lactate- cotransport system. J Gen Physiol.
1992;100:341-67.

Walz W, Mukerji S. Lactate production and release in cultured astro-
cytes. Neurosci Lett. 1988;86:296-300.

Walz W, Mukerji S. Lactate release from cultured astrocytes and neu-
rons: a comparison. Glia. 1988;1:366-70.

Posner JB, Plum F. Independence of blood and cerebrospinal fluid
lactate. Arch Neurol. 1967;16:492-6.

Plum F, Posner JB. Blood and cerebrospinal fluid lactate during hyper-
ventilation. Am J Physiol. 1967,212:864-70.



Jarius et al. Journal of Neuroinflammation 2022, 19(1):19

87.

88.

89.

90.

92.

93.

94,

95.

96.

97.

98.

99.

100.

Hebant B, Miret N, Bouwyn JP, Delafosse E, Lefaucheur R. Absence of
pleocytosis in cerebrospinal fluid does not exclude herpes simplex
virus encephalitis in elderly adults. J Am Geriatr Soc. 2015;63:1278-9.
Sili U, Kaya A, Mert A, Group HSVES. Herpes simplex virus encepha-
litis: clinical manifestations, diagnosis and outcome in 106 adult
patients. J Clin Virol. 2014;60:112-8.

Jarius S, Paul F, Aktas O, Asgari N, Dale RC, de Seze J, Franciotta D,
Fujihara K, Jacob A, Kim HJ, et al. MOG encephalomyelitis: inter-
national recommendations on diagnosis and antibody testing. J
Neuroinflammation. 2018;15:134.

Jarius S, Ruprecht K, Wildemann B, Kuempfel T, Ringelstein M, Geis C,
Kleiter |, Kleinschnitz C, Berthele A, Brettschneider J, et al. Contrast-
ing disease patterns in seropositive and seronegative neuromyelitis
optica: a multicentre study of 175 patients. J Neuroinflammation.
2012,9:14.

Levy M, Wildemann B, Jarius S, Orellano B, Sasidharan S, Weber MS,
Stuve O. Immunopathogenesis of neuromyelitis optica. Adv Immunol.
2014;121:213-42.

Blinder T, Lewerenz J. Cerebrospinal fluid findings in patients with auto-
immune encephalitis-a systematic analysis. Front Neurol. 2019;10:804.
Jarius S, Hoffmann L, Clover L, Vincent A, Voltz R. CSF findings in
patients with voltage gated potassium channel antibody associated
limbic encephalitis. J Neurol Sci. 2008;268:74-7.

Guilmot A, Maldonado Slootjes S, Sellimi A, Bronchain M, Hanseeuw B,
Belkhir L, Yombi JC, De Greef J, Pothen L, Yildiz H, et al. Immune-medi-
ated neurological syndromes in SARS-CoV-2-infected patients. J Neurol.
2021;268:751-7.

Franke C, Ferse C, Kreye J, Reincke SM, Sanchez-Sendin E, Rocco A,
Steinbrenner M, Angermair S, Treskatsch S, Zickler D, et al. High fre-
quency of cerebrospinal fluid autoantibodies in COVID-19 patients with
neurological symptoms. Brain Behav Immun. 2021;93:415-9.

Xu R, Zhou'Y, Cai L, Wang L, Han J, Yang X, Chen J, Chen J, Ma C, Shen
L. Co-reactivation of the human herpesvirus alpha subfamily (herpes
simplex virus-1 and varicella zoster virus) in a critically ill patient with
COVID-19. Br J Dermatol. 2020;183:1145-7.

Tartari F, Spadotto A, Zengarini C, Zanoni R, Guglielmo A, Adorno A,
Valzania C, Pileri A. Herpes zoster in COVID-19-positive patients. Int J
Dermatol. 2020;59:1028-9.

Saati A, Al-Husayni F, Malibari AA, Bogari AA, Alharbi M. Herpes zoster
co-infection in an immunocompetent patient with COVID-19. Cureus.
2020;12:28998.

Nofal A, Fawzy MM, EI Sharaf Deen SM, El-Hawary EE. Herpes zoster
ophthalmicus in COVID-19 patients. Int J Dermatol. 2020;59:1545-6.
Patel P, Undavia A, Choudry R, Zhang Y, Prabhu AM. COVID-19 associ-
ated with concomitant varicella zoster viral encephalitis. Neurol Clin
Pract. 2021;11:e219-21.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 33 of 33

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Cerebrospinal fluid findings in COVID-19: a multicenter study of 150 lumbar punctures in 127 patients
	Abstract 
	Background: 
	Objective: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Patients and methods
	Patients
	Methods
	Evaluation of humoral immune response
	Antibody indices
	Evaluation of blood–CSF barrier function
	Cytological examination, CSF total protein, and CSF l-lactate
	Other markers
	Statistics


	Results
	CSF findings in group I
	Blood–CSF barrier function

	CSF total protein
	Cellular immune response
	Albuminocytological dissociation
	CSF l-lactate
	Intrathecal IgG synthesis
	Intrathecal IgA synthesis
	Intrathecal IgM synthesis
	Immunoglobulin (Ig) class patterns
	SARS-CoV-2 antibody indices
	CSF SARS-CoV-2-IgG
	SARS-CoV-2 CSF PCR
	CSF PCR for other viruses
	MRZ reaction
	Other antibody indices
	Anti-neuronal and anti-glial antibodies
	Free kappa and lambda light chains
	Interleukin-6
	Interleukin-8
	TNF-alpha
	Interferon-gamma
	Interleukin-1beta
	Anti-inflammatory cytokines
	Other soluble markers and combined results
	First vs. follow-up LP
	Disease severity
	Impact of immunotherapy
	‘Normal’ CSF
	Quotient diagrams (‘reibergrams’)
	CSF findings in group II


	Discussion
	Strengths and limitations

	Conclusions
	Acknowledgements
	References


