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Antibody responses to severe acute respiratory syndrome co-
ronavirus 2 (SARS-CoV-2) in serum and cerebrospinal fluid
(CSF) samples from 16 patients with coronavirus disease 2019
and neurological symptoms were assessed using 2 independent
methods. Immunoglobulin G (IgG) specific for the virus spike
protein was found in 81% of patients in serum and in 56% in
CSE. SARS-CoV-2 IgG in CSF was observed in 2 patients with
negative serological findings. Levels of IgG in both serum and
CSF were associated with disease severity (P < .05). All patients
with elevated markers of central nervous system damage in CSF
also had CSF antibodies (P =.002), and CSF antibodies had
the highest predictive value for neuronal damage markers of all
tested clinical variables.
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Coronaviruses, including severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2), are associated with neurological
manifestations including cerebrovascular disorder, encepha-
lopathy, autoimmune and neuropsychiatric complications [1].
Results of polymerase chain reaction (PCR) for SARS-CoV-2 in
cerebrospinal fluid (CSF) are typically negative [2], but a small
number of positive cases have been described [3-6]. Results
of CSF workup are often normal, although markers of central
nervous system (CNS) injury can be elevated [5-8].

Benameur et al [9] investigated and found immunoglobulin
G antibodies (IgG) against subunit 1 (S1) of the SARS-CoV-2
spike protein (S) in CSF samples from 3 patients with corona-
virus disease 2019 (COVID-19) in whom encephalopathy and
encephalitis developed. High titers of anti-SARS-CoV-2 IgG
were also detected in CSF samples from 8 patients with neu-
rological symptoms, 1 of whom also showed signs of intrathecal
production of anti-SARS-CoV-2 IgG, indicated by a high IgG
index [10]. These reports provide important initial findings,
but the data are scarce, and immune responses in patients with
COVID-19 and neurological symptoms require further charac-
terization. Here, we describe IgG responses against the SARS-
CoV-2 S and S1 in serum and CSF samples from patients with
mild to severe CNS symptoms.

METHODS

Patients and Study Design

The National Ethical Review Authority approved this study
(nos. 2020-01883 and 2014/148). Informed consent was
obtained from each patient, or the next of kin if a patient
was unable give consent. Patients with confirmed COVID-
19 and >1 new-onset neurological symptom—including al-
tered mental status, cranial nerve symptoms, paresis, and/
or extrapyramidal, cerebellar, and sensory symptoms—were
prospectively included from April until September 2020.
Patients had either a positive PCR test result for SARS-CoV-2
in nasopharynx samples (n =15) or SARS-CoV-2-specific
IgG against nucleoprotein-based antigen in a serum sample
(n = 1). Matched CSF and serum samples were analyzed sero-
logically alongside their routine workup.

Lumbar puncture was carried out in conjunction with or after
the period of most severe symptoms. Five patients were sam-
pled >2 months after COVID-19 debut owing to residual cog-
nitive and/or neurological symptoms. Four of these patients
had previously been treated in the intensive care unit (ICU) at
some stage of their disease. The patients were examined by a
neurologist. National Institutes of Health criteria for COVID-
19 severity were used to classify patient clinical status as mild,
moderate, severe, or critical [11].
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Detection of IgG in Serum and CSF Samples

The levels of IgG in serum and in CSF samples against SARS-
CoV-2 S or S1 were assessed in 2 independent laboratories
using an enzyme-linked immunosorbent assay (ELISA) and a
suspension immunoassay (SIA), respectively.

SARS-CoV-2 Spike Timer-Based ELISA

A SARS-CoV-2 ELISA based on nativelike spike trimers
was used, as described elsewhere [12]. Briefly, 96-well
ELISA plates (Nunc MaxiSorp) were coated with spike tri-
mers (100 pL of 1 ng/pL) in phosphate-buffered saline (PBS)
overnight at 4°C. Plates were washed 6 times with 300 mL
of PBS-Tween 20 (PBST; 0.05%) and blocked using PBS-5%
no-fat milk (Sigma). Thawed serum was diluted 1:100 and
CSF diluted 33.3:100 blocking buffer, and samples were incu-
bated overnight at 4°C, before being washed as before. Wells
were then incubated for 1 hour at room temperature with
secondary horseradish peroxidase-conjugated anti-human
goat anti-human IgG (Southern Biotech; 2014-05), diluted
1:10 000 in blocking, and washed with TMB Stabilized
Chromogen (Invitrogen) and the reaction was stopped using
1-mol/L sulfuric acid. Results are expressed as optical den-
sity values measured at 450 nm, using an Asys Expert 96
ELISA reader (Biochrom). The cutoff for the assay was set at
6 standard deviations above the mean value for negative con-
trol samples obtained on the same day (from blood donors
in spring 2019).

SARS-CoV-2 S1-Based SIA

Assays were performed using the MagPix system (Luminex), as
described elsewhere [13]. First, 10 pg of SARS-CoV-2 S1 pro-
tein (40591-VO8H, Sino Biological) was covalently coupled to
2.5x 10° carboxylated paramagnetic beads (MagPlex micro-
spheres; Luminex), using sulfo-N-hydroxysulfosuccinimide
and 1-ethyl-3-[3 dimethylaminopropyl]carbodiimide hydro-
chloride (Pierce Biotechnology-ThermoFisher). Aliquots of
50 pL of bead mix (25 beads per microliter of PBST [0.05%
Tween 20]) and 50 pL of diluted serum (1:25 in PBST) or 50 uL
of diluted CSF (1:10 in PBST) were mixed and incubated in a
96-well plate for 60 minutes in the dark at room temperature on
a plate shaker (at 600 rpm).

Beads were then washed with 100 uL of PBST using a magnet
plate separator (Life Technologies—ThermoFisher). Next,
100 uL of biotinylated protein G (Pierce) was added (with 2 pg/
mL PBST). The beads were incubated for 30 minutes, as de-
scribed above, and washed once, followed by 15-minute incu-
bation with 100 pL of phycoerythrin-conjugated streptavidin
(Invitrogen-ThermoFisher) (in 2 pg/mL PBST). After resuspen-
sion in 100 pL of PBST, the beads were analyzed by measuring
the fluorescence of 50 beads per sample at default settings, using
xPONENT software (Luminex). Results were expressed as me-
dian fluorescence intensity. The cutoft for the assay was set at 6

standard deviations from the mean value for negative controls
(blood donors from 2018), plus 10%.

CSF Biomarkers for CNS Injury, Blood-Brain Barrier Injury and Intrathecal
lgG Production

Markers for neurological damage were measured in CSF sam-
ples. Total tau protein was measured using Lumipulse tech-
nology, according to the manufacturer’s instructions (Fujirebio).
Neurofilament light chain and glial fibrillary acidic protein were
measured using in-house ELISAs, as described elsewhere [14].
Albumin and IgG levels in serum and CSF samples were meas-
ured on a Roche Cobas Analyzer (Roche Diagnostics).

Statistical Analysis

Correlation analysis was performed using Spearman rank cor-
relation for variables with skewed distribution. Antibody levels
above the cutoff in either or both methods were classified as
positive, while those negative with both methods were classi-
fied as negative. These binary variables were compared with
categories for clinical variables using a likelihood ratio. Student
t tests were used for groupwise comparisons of age. To assess the
strength of possible predictors in relation to each other, a for-
ward binary logistic regression model was used. The statistical
analysis was performed using SPSS software, version 27 (IBM).

RESULTS

Patients Demographics and Characteristics

Clinical characteristics and demographics are presented in
Table 1. Routine CSF workup showed that only 2 had increased
numbers of cells/pleocytosis. All patients had negative PCR
findings for SARS-CoV-2 in CSF at the time point measured
in this study (Table 1). The median (interquartile range [IQR])
CSF-serum albumin ratio in the whole sample of patients was
6.1 (4.7-7.4) and the median IgG index was 0.43 (0.40-0.46).

Comparison of The Karolinska Institute and Uppsala University Methods
for IgG Serology

The correlation between IgG against the SARS-CoV-2 S and S1,
using ELISA based on S-trimers or SIA based on the S1 sub-
unit of S, was high in both serum (p = 0.659; P = .006) and CSF
(p =0.867; P <.001) samples (Figure 1A). In total, 13 patients
(81%) were classified as seropositive for serum and 9 (56%)
as seropositive for CSF samples by either or both methods
(Figure 1B). Both methods identified 12 patients as positive for
anti-S/S1 IgG in serum and 8 for anti-S/S1 IgG in CSFsamples.
Individual results with either method are presented in Figure
1C.

SARS-CoV-2 S and S1 Antibodies in CSF

There was no correlation between anti-S/S1 IgG in serum and
CSF using either method (ELISA, p = 0.271 and P = .31; SIA,
p = 0.235 and P = .38). Two patients were found to have anti-S/
S1 IgG in CSF but not in serum; 1 of them, sampled 12 days
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Table 1. Characteristics and Cerebrospinal Fluid (CSF) Findings in Patients Positive or Negative for Anti-S/S1 Immunoglobulin G in CSF. Neurological
Symptoms and Respiratory Support at some stage in the disease course Before Lumbar Puncture

Finding

Patients by CSF Anti-S/S1 1gG Results, No. (%)?

Positive (n = 9) Negative (n = 7)

Time since symptom onset, median (IQR), d
Age, median (IQR), y

Male sex, no. (%)

Severity of COVID-19

Mild

Moderate

Severe

Critical

ICU care

Duration of ICU stay, median (IQR), d
GCS <12

High-flow oxygen

Invasive ventilation

Altered mental status

Cranial nerve symptoms

Anosmia or ageusia

Vertigo

Headache

Peripheral paralysis

Central paralysis

Sensory symptoms

Pleocytosis

CSF-serum albumin ratio,” median, (IQR), x10°
IgG index,” median (IQR)

OCBs

Elevated IgG in CSF*®

Elevated T-tau®

Elevated NfL°

Elevated GFAp*

30 (21-74) 43 (4-124)

64 (48-73) 43 (36-54)
5 (56) 3 (43)
0(0) 3 (43)
3(33) 1(14)
1(11) 2 (29)
5 (56) 1(14)
7 (78) 3(33)

10 (2-27) 0(0-2)
6 (67) 1(14)
2(22) 3(43)
6 (67) 1(14)
8 (89) 5(71)
2 (22) 0(0)
3(33) 3(43)
3(33) 4 (57)
3(33) 7 (100)
2 (22) 1(14)
3(33) 3(43)
1(11) 3(43)
0(0) 2 (29)

7.4 (6.6-12.5) 4.5(3.8-5.3)

0.44 (0.42-0.49) 0.42 (0.38-0.44)
1(11) 1(14)°

3(33) 0(0)

5 (56) 1 (14)f
7(78) 0(0)°
2 (22) 0(0)°

Abbreviations: COVID-19, coronavirus disease 2019; CSF, cerebrospinal fluid; GCS, Glasgow Coma Scale; GFAp, glial fibrillary acidic protein; ICU, intensive care unit; IgG, immunoglobulin G;
IQR, interquartile range; NfL, neurofilament light chain; OCB, oligoclonal bands; T-tau, total tau protein.

“Data represent no. (%) of patients unless otherwise specified.

The CSF-serum albumin ratio was calculated as CSF albumin/serum albumin, a measure of blood-brain barrier function (reference ranges: age 15-45 years, <6.8; age >45 years, <10.2),
while the IgG index was calculated as (CSF IgG/serum IgG), as a measure of intrathecal IgG production (reference range: age >15 years, <0.63).

°Unique for CSF.

9Increases in the tau, NfL, and GFAp biomarkers were determined in relation to age-related normal reference limits. The reference ranges for these assays were as follows: Ttau, <360 ng/L
for age <50 and <479 ng/L for age >50 years; NfL, <560, <890, and <1850 ng/L for ages 30-40, 40-60, and >60 years, respectively; and GFAp, <750 and <1250 ng/L for ages 20-60 and

>60 years, respectively.
°Nonspecific increase in CSF IgG.
‘Data missing for 3 individuals.

9Data missing for 1 individual.

after symptom debut, had a positive finding only with the SIA
method. Both patients presented with altered mental state and
fever and had elevated levels of neurofilament light chain in
CSE. One of them recovered within days, while the other re-
quired ICU care. Neuroimaging findings were negative in both
patients.

The CSF-serum albumin ratio was correlated strongly with
anti-S/S1 IgG in CSF for both methods (ELISA, p = 0.694 and
P =.004; SIA p =0.798 and P < .001), but no correlation with
IgG index could be observed. Neither was the IgG index cor-
related with anti-S/S1 IgG in CSF detected using any of the
methods. Patients with positive findings of SARS-CoV-2 S and

S1 IgG in CSF samples had significantly higher median CSF-
serum albumin ratios (7.4 [IQR: 6.5-12.5]) than those with
negative findings (4.5 [IQR: 3.8-5.3]; P = .004); no significant
differences could be seen in IgG index between these groups.

SARS-CoV-2 S/S1 Antibodies in CSF Samples in Relation to Clinical
Variables

SARS-CoV-2 S/ S1 IgG levels in CSF samples were explored for
possible correlation to clinical presentation and/or outcome.
The distribution of symptoms in patients with or without IgG
in CSF is shown in Table 1 and in Figure 1D. There was a pos-
itive correlation between National Institutes of Health criteria
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Figure 1.

A, Anti—severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) spike protein immunoglobulin G (anti-S/S1 IgG) in serum and cerebrospinal fluid (CSF)
samples, determined using enzyme-linked immunosorbent assay (ELISA) and suspension immunoassay (SIA). Cutoffs are indicated: 0.25 for optical density at 450 nm (0D
and 300 for median fluorescence intensity (MFI). Twelve cases with anti-S/S1 1gG values over the cutoff in serum samples (orange) and 8 in CSF samples (red) were identified
with both methods; 1 case over the cutoff with only 1 method was noted for serum (yellow) and 1 case for CSF (pink). B, Relationship between serum and CSF levels of anti-S/
S11gG in individual cases for SIA and ELISA. Both methods detected a case with higher levels in CSF than in serum, and an additional case was identified with SIA. C, UpSet
plot showing the distribution of patients in the cohort with different combinations of variables. Red rectangular box indicates overlap in anti-S/S1 IgG over cutoff in CSF, using
both methods (red) or 1 method (pink), with damage markers (high levels of central nervous system injury markers, ie, neurofilament light chain, glial fibrillary acidic protein,
and total tau protein) in 8 cases. The other clinical variables (sets), based on the time from debut to sample collection, include the severity of coronavirus disease 2019 (mild,
moderate, severe, or critical) Glasgow Coma Scale (GCS) <12, and requirement for intensive care unit (ICU) care. Serum anti-S/S1 IgG levels over the cutoff are indicated,

seen with both methods (orange) or 1 method (yellow). One patient with mild disease did not have an IgG level above the cutoff.
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for COVID-19 severity and the levels of anti-S/S1 IgG in serum
(P <.05) or CSF (P < .05) samples. COVID-19 severity was not
correlated with CSF-serum albumin ratio. Seven patients with
anti-S/S1 IgG in CSF required ICU care, 6 required invasive
ventilation, and 6 had a moderate to severe GCS (<12) at some
point before lumbar puncture. Importantly, all 7 patients with
>1 elevated biomarker for neurological damage had anti-S/S1
IgG in CSF samples (P = .002).

With a forward binary logistic regression model, the pres-
ence of anti-S/S1 IgG in CSF was the only factor that predicted
elevated markers of CNS damage, with an odds ratio of 40 (95%
confidence interval, 2-794; P = .02). The other factors tested in
the model were not significant, including COVID-19 severity,
age group, invasive ventilation, sex, ICU care, and days since
symptoms onset. Restricting the IgG-positive group to only the
8 patients identified using both methods in CSF did not change
the results.

DISCUSSION

Patients with COVID-19 and neurological symptoms had IgG
against the SARS-CoV-2 S/S1 protein in both serum (81%)
and CSF (56%) samples. CSF antibody-positive patients were
overrepresented among patients requiring invasive ventilation.
Furthermore, all patients with elevated markers of CNS damage
also had IgG against SARS-CoV-2 in CSE The results support
previous findings of CSF IgG in individuals with severe disease
and encephalopathy [10].

It remains uncertain whether SARS-CoV-2-specific anti-
bodies in CSF indicate intrathecal production or a passive diffu-
sion due to blood-brain barrier impairment that could be linked
to COVID-19 severity. We found a strong significant correla-
tion between detection of SARS-CoV-2-specific IgG in CSF and
COVID-19 severity, level of consciousness, and respiratory symp-
toms. Increased CSF-serum albumin ratios indicate disturbance
of the blood-brain barrier, and values above the reference range
were found in 3 patients, all with SARS-CoV-2-specific anti-
bodies in CSE Those 3 patients were treated in the ICU and had
critical COVID-19. No correlation was seen between IgG index
and the SARS-CoV-2 antibodies in CSE There was no correlation
between serum and CSF levels of IgG against SARS-CoV-2. We
also found SARS-CoV-2 IgG in CSF in 2 patients with negative
serological findings. The choroid plexus is lacking tight junctions
and might enable an easier breach of barrier.

Our findings support and extend the results in a previous re-
port of 3 patients with encephalopathy or encephalitis, elevated
levels of cytokines, and laboratory-confirmed coronavirus dis-
ease with increased CSF levels of anti-S1 IgM but negative PCR
findings [9] and in a study of 2 patients with COVID-19 en-
cephalopathy, who had elevated antibody titers against SARS-
CoV-2 S1, S2, and nucleocapsid in CSF [15]. A strength of our
study is the use of 2 methods for IgG analysis (solid phase and
suspension), which gave mainly concordant results. Differences

in detected IgG responses between the 2 methods may be due to
the use of different S antigen preparations and/or different de-
tection methods. Further analysis of antibody responses in CSF
samples from patients with neurological symptoms during or
after COVID-19 may help explain disease sequelae after SARS-
CoV-2 infection.

Our population, although larger than in previous publi-
cations, represents few patients with heterogeneous clinical
presentations and a wide span in sampling dates, which may
have affected the IgG levels. The measurement of IgG was
semiquantitative, and binary categorization of the data was
used in the main analysis for this reason. In 2 patients who were
anti-S/S1 IgG negative, lumbar puncture was performed only
4 days after symptom onset, which was probably too early for
formation of IgG. The current study identified patients with se-
vere COVID-19 who displayed SARS-CoV-2-specific IgG in
CSF and were at high risk of CNS damage detectable by CSF
biomarkers. These patients may benefit from early detection
and early treatment interventions. Negative serological findings
did not exclude CSF positivity for SARS-CoV-2 IgG, as these
was observed in 2 patients. Further studies are needed to inves-
tigate whether detection of anti-SARS-CoV-2 IgG in CSF is a
result of intrathecal production. Future work should establish
the effects of the virus on the CNS and examine the relationship
between CSF positivity and treatment response and prognosis.

Supplementary Data

Supplementary materials are available at The Journal of Infectious
Diseases online. Consisting of data provided by the authors to
benefit the reader, the posted materials are not copyedited and
are the sole responsibility of the authors, so questions or com-
ments should be addressed to the corresponding author.
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