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Abstract

Objective

Coronavirus disease (COVID-19) has been associated with a large variety of neurologic dis-
orders. However, the mechanisms underlying these neurologic complications remain elusive. In
this study, we aimed at determining whether neurologic symptoms were caused by severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) direct infection or by either systemic or
local proinflammatory mediators.

Methods

In this cross-sectional study, we checked for SARS-CoV-2 RNA by quantitative reverse tran-
scription PCR, SARS-CoV-2-specific antibodies, and 49 cytokines/chemokines/growth fac-
tors (by Luminex) in the CSF +/- sera of a cohort of 22 COVID-19 patients with neurologic
presentation and SS neurologic control patients (inflammatory neurologic disorder [IND],
noninflammatory neurologic disorder, and MS).

Results

We detected anti-SARS-CoV-2 immunoglobulin G in patients with severe COVID-19 with
signs of intrathecal synthesis for some of them. Of the 4 categories of tested patients, the CSF of
IND exhibited the highest level of cytokines, chemokines, and growth factors. By contrast,
patients with COVID-19 did not present overall upregulation of inflammatory mediators in the
CSF. However, patients with severe COVID-19 (intensive care unit patients) exhibited higher
concentrations of CCL2, CXCLS8, and vascular endothelium growth factor A (VEGF-A) in the
CSF than patients with a milder form of COVID-19. In addition, we could show that intrathecal
CXCLS synthesis was linked to an elevated albumin ratio and correlated with the increase of
peripheral inflammation (serum hepatocyte growth factor [HGF] and CXCL10).

Conclusions

Our results do not indicate active replication of SARS-CoV-2 in the CSF or signs of massive
inflammation in the CSF compartment but highlight a specific impairment of the neurovascular
unit linked to intrathecal production of CXCLS8.
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Glossary

COVID-19 = coronavirus disease 2019; BBB = blood-brain barrier; HGF = hepatocyte growth factor; IFN = interferon; IgG =
immunoglobulin G; IL = interleukin; IND = inflammatory neurologic disorder; MFI = mean fluorescent intensity; mRNA =
messenger RNA; NIND = noninflammatory neurologic disorder; RT-qPCR = quantitative reverse transcription PCR; SAE = sepsis-
associated encephalopathy; SARS-CoV-2 = severe acute respiratory syndrome coronavirus 2; TNF = tumor necrosis factor.

Coronaviruses’ outbreaks have been repeatedly associated
with neurologic disorders. Indeed, human tropic coronavi-
ruses seem able to reach the CNS and are found in brain
necropsies and in the CSF of patients with severe acute re-
spiratory syndrome coronavirus (SARS-CoV)."”

Coronavirus disease 2019 (COVID-19) has shown a large
range of neurologic complications® that may be classified as
follows: critical care-related neurologic syndromes either
central (encephalopathy with subcortical deficit characterized
by attention and executive dysfunction) or peripheral (critical
care-associated polyneuropathies or myopathies),* anosmia/
dysgeusia,® myelomeningoencephalitis,” Guillain-Barré syn-
drome and its variant affecting cranial nerves (Miller-Fisher
syndrome),” and cerebrovascular disease (strokes).®

If data from previous outbreaks point to a neurotropism of the
coronaviruses, the pathophysiology underlying SARS-CoV-
2-related neurologic deficits remains elusive. Indeed, data
showing direct invasion of the CNS by SARS-CoV-2 remain
scarce as messenger RNA (mRNA) of SARS-CoV-2 is rarely
found in the CSF and autopsies do not show widespread
infection of the brain.”'® Furthermore, pathology did not find
evidences of extensive neuronal loss associated with the
presence of the virus. Thus, the main hypotheses to explain
neurologic complications in patients with COVID point at
mechanisms related to low-grade presence of the virus in the
CN, to disturbance of the blood-brain interface by the action
of peripheral cytokines on the brain endothelium, or to the
presence of an autoimmune response, such as antineuronal
antibodies by analogy to what occurs in autoimmune en-
cephalitis.11 However, data firmly establishing one or the
other hypothesis are still missing. Yet, the fact that
encephalitis/encephalopathies caused by SARS-CoV-2 may
respond to corticosteroids'>'® suggests the involvement of
immune mechanisms.

In an attempt to decipher mechanisms underlying neuro-
logic symptoms, we looked at SARS-CoV-2-encoding
RNA, SARS-CoV-2-specific antibodies, and a panel of 49
cytokines/chemokines/growth factors in the CSF of 77 study
patients. Twenty-two of them suffered from COVID-19, and
55 were control SARS-CoV-2-negative patients suffering
from inflammatory neurologic disorder (IND), including MS,
or noninflammatory neurologic disorder (NIND). We found
that patients with COVID-19 hospitalized in the intensive
care unit (ICU) present signs of blood-brain barrier (BBB)
impairment linked to possible astrocyte/glial activation but
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no strong immune response in the CSF or obvious CNS
infection by the virus.

Methods
Study Population

In this cross-sectional study, all consecutive patients seen at the
Lausanne University Hospital during the ongoing COVID-19
pandemic (March to the end of December 2020) with any
neurologic manifestations and for whom a lumbar puncture in-
cluding SARS-CoV-2 PCR on the CSF was performed were
included in this study. Patients with a nasopharyngeal swab
positive for SARS-CoV-2 detection by reverse transcription
(RT)-PCR and/or a serology test for anti-SARS-CoV-2 anti-
bodies together with clinical presentation of SARS-CoV-2 in-
fection were defined as patients with COVID-19 (25 patients).
Of those 25 patients, 3 have a neurologic presentation that was
likely explained by another condition than COVID-19. There-
fore, they were removed from the study. The 22 enrolled patients
with COVID-19 were further divided into 2 subgroups whether
they requested the ICU, hereafter referred to as severe COVID-
19 (13 patients), or not, hereafter referred to as moderate
COVID-19 (9 patients). Patients whose nasopharyngeal swab
RT-PCR test came back negative were enrolled as controls and
classified as IND (9 patients) or NIND (4 patients) depending
on their diagnosis. The control cohort also included 42 patients
who were diagnosed with IND (12 patients), NIND (1S5 pa-
tients), or MS (15 patients). Serum and CSF of these 42 patients
had been drawn before the COVID-19 pandemic, in the frame of
the COOLIN’'BRAIN cohort, between 2009 and 2019. In the
subsequent analyses, patients with IND who were enrolled during
the pandemic period were pooled with the patients with IND
enrolled before 2020, through COOLIN’'BRAIN. The same is
true for NIND. Detailed diagnosis for NIND and IND is reported
in table e-1 (linksIww.com/NXI/A499). Samples (serum and
CSF) from patients with MS were all obtained during a clinical
relapse of MS before any corticosteroid treatment.

EEG

Routine EEG was performed with portable EEG machines
using 21 electrodes arranged after the international 10-20
system and interpreted by certified reviewers.

Samples

In all study patients, the lumbar puncture was performed at the
acute phase of neurologic symptoms. When available, we also
analyzed serum collected at the same time as the CSF to obtain
paired samples (16/22 patients with COVID-19, 14/21 patients
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Table 1 Detailed Clinical and Paraclinical Characteristics of SARS-CoV-2-Infected Patients

Moderate SARS-CoV-2 (n =9) Severe SARS-CoV-2 (n =13) p Value
Demographic data
Age, mean [range] 48.1 [19-69] 69.1 [53-90] 0.0059
Sex, male/female 4/5 8/5 0.67
BMI, mean [range] 26.8 [19-37] 30 [19.5-45] 0.57
SARS-CoV-2 mRNA
Nasal swab, n (%) 8(89) 12(92) —
CSF, n (%) 0(0) 0(0) —
Preexisting comorbidities, n (%)
Neurodegenerative disease 0(0) 4(31) 0.11
Stroke 2 (20) 1(7.7) 0.54
Immunosuppressive condition/HIV 0(0) 0(0) —
Malignancy 0(0) 2(15) 0.50
COVID-19 evolution
Delay between first symptoms and admission, d, mean [range] 5.7 [0-21] 6.9 [0-15] 0.34
ICU admission, n (%) 0(0) 13 (100) —
Mechanical ventilation, n (%) 0(0) 9 (69) 0.0017
Pulmonary embolism, n (%) 0(0) 1(7.7) >0.99
COVID-19-specific treatments, n (%)
Any treatment 2(22) 11 (84) 0.007
Lopinavir 0(0) 4 (30) 0.11
Tocilizumab 0(0) 1(7.7) >0.99
Hydroxychloroquine 0(0) 5(38.5) 0.054
Corticosteroids 2(22) 5(38.5) 0.65
Neurologic characteristics of SARS-CoV-2 infection
Main neurologic diagnosis, n (%)
Headache/vertigo 4 (44) 0(0) 0.017
Encephalitis/meningitis/myelitis 2(22) 1(7.7) 0.54
Encephalopathy 1(11) 11 (85) 0.0015
Acute peripheral neuropathy 1(11) 1(7.7) >0.99
Optic neuropathy 1(11) 0(0) 0.41
Delay, d, mean [range]
Between the onset of neurologic symptoms and LP 3.3[0-16] 6.8 [0-21] 0.36
Between admission and LP 4[0-29] 22.2 [0-49] 0.038
Modified Rankin Scale, median [range]
Before infection 0[0-2] 0 [0-3] 0.13
At discharge 1[0-2] 3 [2-6] <0.0001
Brain MRI, n performed 10 10
Diffusion restriction, n (%) 0(0) 1(10) >0.99
Continued
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Table 1 Detailed Clinical and Paraclinical Characteristics of SARS-CoV-2-Infected Patients (continued)

Moderate SARS-CoV-2 (n =9) Severe SARS-CoV-2 (n =13) p Value

Leptomeningeal/parenchymal gadolinium enhancement, n (%) 0(0) 1(10) >0.99

Microbleeds, n (%) 0(0) 1(10) >0.99
EEG, n performed 2 1

Encephalopathy, n (%) 1(100) 7 (87.5) —

Irritative, n (%) 1(100) 0(0) —
Nerve conduction study, n performed 1 8

Myopathy, n (%) 0(0) 1(12.5) —

Polyneuropathy, n (%) 0(0) 6 (75) —

Mononeuritis multiplex, n (%) 1 (100) 0(0) —

Polyradiculopathy, n (%) 0(0) 1(12.5) —
Neuropsychological, n performed 0 5

FAB, median [range] — 7[1-13] —

MoCA, median [range] — 15.25 [4-26] —

Abbreviations: BMI = body mass index; COVID-19 = coronavirus disease 2019; FAB = frontal assessment battery; ICU = intensive care unit; LP = lumbar
puncture; MoCA = Montréal Cognitive Assessment; SARS-CoV-2 = severe acute respiratory syndrome coronavirus 2.
A Mann-Whitney test was used for the analysis of continuous variables and the Fisher exact test for categorical ones.

with IND, 15/19 patients with NIND, and 15/1S patients with
MS). Samples of patients with COVID-19 and control patients
were run at the same time for the detection of SARS-CoV-2
antibodies and cytokines/chemokines/growth factors.

SARS-CoV-2 PCR

SARS-CoV-2 tests in CSF specimens were performed using
our automated platform with an in-house quantitative reverse
transcription PCR (RT-qPCR) targeting the E-gene with the
primers and probe described by Corman et al.'* SARS-CoV-2
tests in respiratory specimens were performed either using
our automated platform (at the beginning of the pandemic)
or using the cobas SARS-CoV-2 test on the cobas 6800 in-
strument (Roche, Basel, Switzerland), since March 24, 2020.
Both methods were compared and exhibited 99.2% of con-
cordant results.'®

SARS-CoV-2 Serology

Anti-SARS-CoV-2 immunoglobulin G (IgG) specific to the
native trimeric spike (S) protein was quantified using a mul-
tiplex bead assay as previously described.'® Anti-SARS-CoV-
2 1gG levels were expressed as a ratio of the mean fluorescent
intensity (MFI) signals detected in the serum or CSF samples
and the MFI signal detected in the negative control samples.
An anti-SARS-CoV-2 IgG ratio of >6 in serum samples was
considered positive (threshold set for diagnosis at the Lau-
sanne University Hospital). The antibody index was calcu-
lated, for patients with available data, according to the Reiber’s
formula: Antibody index = Qsars.cov-2/ Quga if Qige < Qum 0r
Qsars-cov2/Qum if Qigc > Qum- Qum was calculated as

follows: Qum (IgG) = (0.93 [QAIb> + 6 x 10°]°° - 1.7) x
107>, An index of >1.5 was considered as a hallmark of in-
trathecal synthesis.

Cytokine Detection by Luminex Assay

The concentration of cytokines/chemokines/growth factors
in the serum and CSF was determined by multiplex bead assay
(Thermofisher, Waltham, MA). The concentration of the
following 49 soluble markers was assessed: interleukin (IL)-
la, IL-1RA, IL-1p, IL-2, IL-4, IL-S, IL-6, IL-7, IL-9, IL-10, IL-
12p70, IL-13, IL-18, IL-17A, IL-18, IL-21, IL-22, IL-23, IL-27,
IL-31, interferon (IFN)-a, IFN-y, tumor necrosis factor
(TNF) a, CCL2 (MCP-1), CCL3 (MIP-1a), CCL4 (MIP-
18), CCLS (RANTES), CCL11 (eotaxin), CXCL1 (GRO-
a/KC), CXCLS$ (IL-8), CXCL9 (MIG), CXCL10 (IP-10),
CXCL12 (SDF-1a), CXCL13 (BLC), TNEf, NGE-, BDNF,
EGF, hepatocyte growth factor (HGF) FGF-2, LIF, PDGF-
BB, PIGF-1, SCF, VEGF-A, VEGE-D, BAFF, GM-CSF, and
G-CSF. The assay was performed as per the manufacturer’s
instructions, as previously described.!” To reduce the vari-
ability related to multiple Luminex assays, only 2 big assays
were run, the first one with half of the samples of the whole
cohort of study patients and the second with the other half.
Both assays included the same proportion of patients with
severe COVID-19 in each assay (60% of all patients with
COVID in assay 1 vs 57% in assay 2).

CSF/Serum Index
Index for the enrichment of a given soluble factor in the CSF
as compared to the serum was calculated to take into account

Neurology: Neuroimmunology & Neuroinflammation | Volume 8, Number5 | September 2021 Neurology.org/NN


http://neurology.org/nn

Table 2 Clinical and CSF Characteristics of the Tested Cohort

SARS-CoV-2+ (n = 22) IND (n =21) NIND (n =19) MS (n = 15)

Demographic data

Age, mean [range] 60.5 [19-90] 58 [22-92] 54 [24-84] 39 [28-51]
Main neurologic diagnosis, n (%)

Headache, n (%) 4(18) 1(4.8) 3(16) 0(0)

Vascular/stroke, n (%) 0(0) 1(4.8) 2(10.5) 0(0)

Encephalitis/meningitis, n (%) 2(9) 15 (66) 0(0) 0(0)

Encephalopathy, n (%) 12 (54) 0(0) 0(0) 0(0)

Neurodegenerative disease, n (%) 0(0) 0(0) 3(16) 0(0)

Myelitis, n (%) 1(4.5) 0(0) 0(0) 0(0)

Peripheral nerve, n (%) 2(9) 3(14) 4(21) 0(0)

MS, n (%) 0(0) 0(0) 0(0) 15 (100)

Epilepsy, n (%) 0(0) 0(0) 1(5.3) 0(0)

Else, n (%) 1(4.5) 1(4.8) 6(31) 0 (0)

CSF characteristics

CSF proteins

Level, mg/L, mean [range]

484 [264-715]

1,479 [309-10,588]

402 [161-895]

422 [264-594]

Elevated (>400 mg/L), n (%) 13 (59) 18 (86) 8 (42) 8(53)
Pleocytosis

Level, mean [range] 3[0-21] 71 [0-540] 0.95 [0-4] 15.6 [0-51]

Elevated (=5/mm?3), n (%) 3(13) 13(67) 0(0) 10 (67)
Elevated albumin ratio, n (%) 9/17 (53) 15/19 (78.9) 2/16 (12.5) 3/15 (20)
Oligoclonal band pattern, n performed 16 21 14 15

Type 1, n (%) 10 (62) 8 (38) 11 (57) 0(0)

Type 2, n (%) 0(0) 5(24) 1(5 9 (60)

Type 3, n (%) 1 (6) 5(24) 0(0) 6 (40)

Type 4, n (%) 5(31) 0(0) 2(10.5) 0(0)

Type 5, n (%) 0(0) 1(4.8) 0(0) 0(0)

Abbreviations: COVID-19 = coronavirus disease 2019; IgG = immunoglobulin G; IND = inflammatory neurologic disorder; NIND = noninflammatory neurologic
disorder; SARS-CoV-2 = severe acute respiratory syndrome coronavirus 2.
Oligoclonal band pattern: type 1: normal CSF; type 2: oligoclonal IgG restricted to the CSF; type 3: identical IgG in the CSF and the serum with additional IgG
bands restricted to the CSF; type 4: identical IgG bands in the CSF and serum; and type 5: monoclonal IgG bands in the CSF and serum (myeloma or monoclonal

gammopathy of uncertain significance).

BBB opening as follows: (Factor CSF/serum)/(Albumin
CSF/serum). Threshold positive for CXCL8 was set at 541
using the receiver operating curve (area under the receiver
operating characteristics curve 0.79, 95% CI 0.6036-0.9816, p
= 0.0185).

Standard Protocol Approvals, Registrations,
and Patient Consents

This study was approved by the Canton de Vaud Ethical
Committee (CER-VD) in the frame of the CORO-NEURO

Neurology.org/NN

study (authorization no. 2020-01123) and the COOLIN-
BRAIN study (authorization no. 2018-01622). All patients
included in this study signed specific informed consent.

Graphical Representation and

Statistical Analysis

Graphical representation and statistics were generated using
PRISM software (version 8.1.2; GraphPad software, La Jolla,
CA). A first unbiased analysis of the 49 parameters was per-
formed using heatmap representation. K-means clustering
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(clustering distance: Canberra, clustering method: Ward) was
made using the ClustVis web-based tool."® Based on this un-
biased analysis, some parameters of interest were chosen for
individual analysis. T'o limit statistical jeopardy, we voluntarily
limited the number of tested combinations. Multiple group
analyses were made using nonparametric one-way analysis of
variance followed by the Dunn multiple comparison test. For
analysis with 2 groups, the Mann-Whitney test was used to
determine statistical significance for continuous variables and the
Fisher exact test for categorical variables.

Data Availability
Anonymized data will be made available on request from any
qualified investigator.

Results

Clinical Characteristics

From March to November 2020, 38 patients benefited from a
research of SARS-CoV-2 by RT-qPCR and had a concomitant
lumbar puncture because of acute neurologic symptoms. Of
those, 22 patients were diagnosed with COVID-19 based on
the association of typical symptoms and positive laboratory
tests (positive nasopharyngeal swab RT-qPCR [92%] or se-
rology [8%]). Their neurologic symptoms could not be at-
tributed to another condition than COVID-19 itself. As
mentioned in the Methods, there were 3 additional patients
with COVID-19 whose neurologic disorders were unrelated
to COVID-19 (myelin oligodendrocyte-associated disorders,
Lyme disease, and normal pressure hydrocephalus). To avoid
any bias, they were not included in further analyses.

Clinical description of patients with SARS-CoV-2 is summa-
rized in table 1. These 22 patients presented with various
neurologic presentations including encephalopathy (12),
encephalitis (2), myelitis (1), optic neuritis (1), Guillain-
Barré syndrome (1), mononeuritis multiplex (1), and

headache/vertigo (4).

More than half of them (13) were admitted to the ICU,
including 9 who required mechanical ventilation. As com-
pared to patients with moderate COVID, patients admitted to
the ICU were older, had a higher body mass index, and suf-
tered from more comorbidities. Most of these ICU patients
presented with encephalopathy (11/13). Furthermore, some
presented signs of critical illness myopathy/polyneuropathy, a
diagnosis that was confirmed by nerve conduction studies for
most of them (6/8).

No prominent MRI abnormalities were found except in 1
patient who presented signs of vasculitis including T2 lesions,
microbleeds, and diffusion restriction.

Most EEG recording performed (7/8) showed some abnor-
malities, consisting mainly in encephalopathic slowing but

also irritative activity in 1 patient with encephalitis.
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CSF Characteristics

The CSF of patients with COVID-19 was characterized
mainly by the elevation of the protein level and elevated al-
bumin ratio, indicating an opening of the BBB. Oligoclonal
bands were found in a minority of patients. In fact, most of the
bands identified on isoelectrofocalization were shared be-
tween the serum and the CSF (type 4; table 2). Pleocytosis
was encountered only in few patients (3/22, 13.6%; range
16-21/mm?), all 3 with encephalitic or myelitis presentation.
Of interest, a striking difference between patients with severe
and moderate COVID-19 was the higher proportion of ele-
vated albumin ratio in the former (8/11, 73%) than in the
latter (1/6, 16%) (p = 0.049).

As expected, the CSF profile was characterized by the high
protein level and pleocytosis in most patients with IND and
oligoclonal bands restricted to the CSF (type 2) in most
patients with MS (table 2).

SARS-CoV-2 RNA and Antibodies Detection in
the Serum and CSF

All 22 patients with COVID-19 underwent a RT-qPCR for
the detection of SARS-CoV-2 RNA in the CSF. It came back
negative in all, despite positivity for most (90%) in the nasal
swab (table 1).

Among patients who had a serologic test (14 patients), it
came back positive for SARS-CoV-2 antibodies in the blood
of 12 (86%). The titers were high (mean ratio of 84.1 for a
positivity threshold of >6). The absence of anti-SARS-CoV-
2 IgG in the remaining 2 patients, contrasting with a positive
nasal RT-qPCR, could be explained by the short time lapse
between first symptoms and sampling (4 and 7 days, re-
spectively). Conversely, 2 patients with IND had SARS-
CoV-2-specific antibodies slightly above the positive
threshold in the blood (8.4 and 7.7, respectively, positivity
threshold >6) (figure 1B). Of note, these 2 patients pre-
sented with pathologies regularly associated with cross-
reactive antibodies: sarcoidosis'® and paraneoplastic
syndrome.*’

Antibodies against SARS-CoV-2 were detected in the CSF of
10 of 21 patients with COVID-19. Conversely, SARS-CoV-2
antibodies were not detected in the CSF of the 55 control
study patients (p < 0.0001; figure 1B). The antibody index
was elevated in S of 8 (62.5%) patients with severe COVID-
19, suggesting intrathecal synthesis of antibodies directed
against SARS-CoV-2 in some patients (figure 1C).

Cytokines/Chemokines/Growth Factors in the
Serum and CSF

First, an unbiased analysis of the cytokine panel in the serum
of patients with SARS-CoV-2, IND, NIND, and MS revealed
2 clusters. Most patients (9/11) with severe COVID-19
belonged to the inflammatory cluster (cluster 2) (figure 2A).
We found a significant increase of IL-1RA, CXCL9, CXCL10,
CXCLI12, and HGF in the serum of severe SARS-CoV-2—
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Figure 1 SARS-CoV-2 Antibodies in the Serum and the CSF of Patients With COVID-19 and Control Subjects
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(A) Schematic representation of experimental design: Thirty-eight patients sampled during the COVID-19 pandemic and 42 from the biobank of the service of
neurology (COOLIN'BRAIN) were tested for SARS-CoV-2 RNA expression and/or SARS-CoV-2 serology and/or Luminex assay for 49 cytokines/chemokines/
growth factors. Of note, the CSF +/- serum of all the 42 study patients who were part of COOLIN'BRAIN was harvested before January 2020, thus before the
arrival of SARS-CoV-2 in Switzerland. (B) Antibodies against SARS-CoV-2 detection in the serum and/or the CSF of patients with moderate SARS-CoV-2 infection
(yellow circles, n = 6 for serum and n =9 for CSF), severe SARS-CoV-2 infection (red circles, n = 8 for serum and n = 12 for CSF), IND (green circles, n = 14 for
serum and n =23 for CSF), NIND (blue circles, n = 16 for serum and n = 21 for CSF), and MS (purple circles, n = 15 for serum and n = 15 for CSF). (C) The antibody
index was calculated following the Reiber formula for patients for whom we had concomitant serum and CSF data, thus 5 moderate SARS-CoV-2 infection
(yellow circles), 8 severe SARS-CoV-2 infection (red circles). The dotted line represents the threshold for an intrathecal synthesis (antibody index >1.5). COVID-
19 =coronavirus disease 2019; ICU = intensive care unit; IND = inflammatory neurologic disorder; NIND = noninflammatory neurologic disorder; SARS-CoV-2 =

severe acute respiratory syndrome coronavirus 2.

infected patients as compared to moderate ones (figure 2B).
In addition, we also found elevated IL-6 levels (>11 pg/mL)
in 7 of 11 (63.6%) sera of patients with severe COVID-19 vs
only 1 of 5 (20%) sera of patients with moderate COVID-19
(figure 2B). These findings recapitulate the inflammatory
profile of patients with COVID-19 already identified by
others.*"* Similarly, all these cytokines except CXCL12 were
also increased in the serum of SARS-CoV-2—infected patients
compared with neurologic control patients (MS, IND, and
NIND) (figure e-1, links.lww.com/NXI/A499).
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Although SARS-CoV-2-infected patients with neurologic
conditions were displaying increased inflammatory mediators
in the serum, this was not the case in the CSF. Indeed, anal-
yses performed in this compartment revealed that SARS-
CoV-2-infected patients were mainly clustered with NIND
and MS ones, whereas the CSF of patients with IND exhibited
a strong immune signature, characterized by elevated levels of
several cytokines, chemokines, and growth factors (figure
3A). This unbiased clustering was confirmed by individual
cytokine/chemokine analysis with a significant elevation of
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Figure 2 Serum Cytokines/Chemokines/Growth Factors in Patients With COVID-19 and Control Subjects
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IL-1RA, IL-6, CCL4, CCL5, CXCL8, CXCL9, CXCLI0,
CXCL12, CXCL13, and G-CSF in the CSF of patients with
IND as compared to the one of patients with NIND (figure 3B
and data not shown). Even if they did not display as strong an
immune signature as patients with IND, patients with MS
showed higher levels of CXCL10, CXCL12, CXCL13, and
G-CSF in the CSF (figure 3B and data not shown) than NIND
controls. Of note, patients with severe COVID-19 displayed a
significant increase of CXCL8 as compared to NIND but did
not display a significant change of any of the other factors as
compared to any other categories of study patients, except for
patients with moderate SARS-CoV-2 (see below).

Accordingly, the clustering based on all inflammatory media-
tors did not allow to discriminate severe from moderate
COVID-19 patients, thus demonstrating the absence of the
cytokine storm in the CSF (figure 3A). Yet, of interest, by
individual cytokine/chemokine/growth factor analysis, we
found 3 mediators differentially expressed between patients
with moderate and severe SARS-CoV-2: CXCLS8, CCL2, and
VEGF-A (figure 3B). Of interest, the levels of CXCL8 and
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VEGF-A tended to be higher in the CSF of SARS-CoV-2—
infected patients with encephalopathy, 85% of them belonging
to the ICU group (figure e-2A, links.lww.com/NXI/A499).

As mentioned above, the proportion of patients with an ele-
vated albumin ratio was significantly higher in patients with
severe than in patients with moderate COVID-19. We thus
investigated the relationship between this index and the CSF
levels of CXCL8, CCL2, and VEGF-A. We observed that
CXCL8 was significantly higher in the CSF of patients with an
elevated albumin ratio, although VEGF-A almost reached
statistical significance (p = 0.059), but CCL2 showed no
difference (figure 3C and data not shown). Because an ele-
vated albumin ratio is a sign of BBB opening, we next looked
at the correlation of CXCLS8, VEGF-A, and CCL2 levels in the
serum and CSF. CXCL8 was undetectable in the serum of
patients with COVID-19, except for only 2 of them (figure
2B). The CXCL8 CSF/serum index was elevated in 6 of 9
severe patients against 0 of S in milder forms (p = 0.0310,
Fisher exact test), suggesting intrathecal synthesis (figure e2-
C, links.lww.com/NXI/A499).
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Figure 3 CSF Cytokines/Chemokines/Growth Factors in Patients With COVID-19
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(A) Unbiased heatmap compari-
sons of cytokines/chemokines
and growth factors within the CSF
of SARS-CoV-2-infected (severe or
moderate) and  SARS-CoV-2-
uninfected patients, i.e., patients
with IND, NIND, and MS. Expres-
sion is represented in log10 scale.
K-means clustering was used to
determine patients’ clusters (clus-
ter 1,n=1; cluster 2, n=10; cluster
3, n = 66). Cytokines/chemokines/
growth factors with no variations
across all patients are not dis-
played. (B) Bar plot representation
(mean + SEM) with log10 scale of
IL-1RA, IL-6, CCL2, CXCL8, CXCL9,
CXCL10, CXCL12, HGF, and VEGF-A
expression in the CSF of patients
with severe SARS-CoV-2 (red cir-
cles, n = 13), moderate SARS-CoV-
2 (yellow circles, n=9), IND (green
circles, n = 21), NIND (blue circles,
n =19), or MS (purple circles, n =
15). Statistical significance calcu-
lated using nonparametric one-
way analysis of variance followed
by the Dunn multiple comparison
test; all comparisons performed
are displayed (adjusted p: *<0.05,
**<0.01, **%<0.001, and
***%<0.001). (C) Representation of
the expression of CXCL8 and
VEGF-A in patients with COVID-19
with an elevated albumin ratio (n =
9) or not (n = 8). Statistical signifi-
cance was calculated using the
Mann-Whitney test (**p < 0.01).
(D) Linear regression of CXCL8 in
the CSF compared with serum
HGF (top panel) and serum
CXCL10 (bottom panel). COVID-19
= coronavirus disease 2019; IND =
inflammatory neurologic disor-

der; NIND = noninflammatory
neurologic disorder; ns = not sig-
nificant; SARS-CoV-2 = severe

acute respiratory syndrome coro-
navirus 2.

Serum levels of VEGF-A did not show any correlation with
the CSF ones (* = 0.004, p value = 0.65), whereas there was a
trend for a correlation of CCL2 concentrations between the 2
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compartments (> = 0.22, p value = 0.06; figure e-2B, links.
Iww.com/NXI/A499). Yet, the CSF/serum index did not
display increased enrichment of VEGF-A or CCL2 in the CSF
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of patients with severe COVID-19 as compared to patients
with moderate COVID-19 or NIND (figure e-2C). Of note,
concentrations of CXCL8 and VEGF-A in the CSF correlated
together (figure e-2D), reinforcing the idea that secretion of
these factors is linked in the COVID-19 context.

Finally, we found that an increased serum level of CXCL10
and HGF was correlated with an increased CSF concentration
of CXCLS8 (figure 2E).

Discussion

In this study, we attempted to understand the pathogenesis of
neurologic impairments in the context of COVID-19 disease.

First, we did not detect SARS-CoV-2 RNA in the CSF of any
of our 22 patients. Most authors addressing the question also
report the absence of evidence of viral dissemination in the
brain of patients with COVID-19, thus ruling out this causality
in most COVID-19-associated neurologic disorders. How-
ever, we found that about half of SARS-CoV-2-infected pa-
tients exhibited virus-specific antibodies in their CSF. We
were also able to show that several patients with severe
COVID-19 exhibited an intrathecal synthesis of SARS-CoV-
2-specific antibodies. Of note, the authors recently showed
that the CSF from a patient with COVID-19 displayed neu-
tralizing antibodies able to prevent neuronal infection in an
hiPSC-derived brain organoid model.>®

Most importantly, our cohort composed of both severe and
moderate patients with paired CSF and serum samples
allowed us to study the relationship between peripheral in-
flammation, neuroinflammation, and neurologic complica-
tions in both subgroups of patients with COVID-19. First, we
were able to show that SARS-CoV-2-infected patients, even
with a severe disease, do not display a cytokine storm in the
CSF despite their sera being the most inflammatory of all 4
groups of study patients. Of note, these patients exhibit an
inflammatory profile in the serum similar to what was
reported by several groups,”"?* thus ruling out that our
samples would have been collected after the resolution of the
inflammation.

Our findings are in line with a previous report showing low
concentrations of IL-6, IL-10, and IFNY in the CSF of SARS-
CoV-2-infected patients with neurologic complications.**
However, to the best of our knowledge, no other authors have
looked so far at such an extensive number of inflammatory
mediators, nor have they included such selected control co-
horts of study patients with paired CSF/serum samples
allowing the assessment of soluble factors in both compart-
ments at the same time.

Of interest, we could show that patients with severe COVID-
19 exhibited higher CSF levels of CXCL8, CCL2, and VEGF-
A than SARS-CoV-2 patients with a moderate disease. In
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particular, patients suffering from an encephalopathy dis-
played the highest levels of VEGF-A and CXCL8. Most im-
portantly, despite evidence of BBB disruption, we found
striking evidence of intrathecal CXCL8 production in severe
patients. Yet, CXCL8 has recently been associated with
neurologic complications in severe COVID-19.2%%¢

In our study, CXCL8 and VEGF-A were also associated with
an increased albumin ratio, thus linking these mediators with a
dysfunction of the neurovascular unit (brain endothelium and
astrocytes). In the brain, CXCLS is produced by astrocytes,
microglia, and endothelial cells, and VEGF-A is known to be
produced by astrocytes and endothelial cells. Both factors are
able to impair the BBB function.””?*
injuries in the brain are a key feature in patients with severe
COVID-19.”

Precisely, microvascular

Following this line of evidence, previous reports have found
elevated levels of glial fibrillary acidic protein, chitinase-like-3
protein 1, and soluble triggering receptor expressed on my-
eloid cells 2 pointing to an enhanced astrocyte and microglial
reactivity in patients with severe COVID-19 with neurologic
complications.'®***%* Yet, when activated, these glial cells
can lead to the disruption of the BBB through both soluble
factor production and reduction of astrocytic gap junctions,
among other mechanisms. Integrating our findings with what
is known in the literature, we propose that in patients with
COVID-19 encephalopathy, there is an increased astrocytic
and microglial reactivity leading to a disruption of the BBB.

COVID-19-associated encephalopathies share a number of
common points with other encephalopathies associated with
a systemic syndrome, such as sepsis-associated encepha-
lopathies (SAEs) and ICU-associated delirium. Of interest,
these patients also harbor BBB dysfunction, which is in-
strumental in causing the related encephalopathies. If BBB
dysfunction in SAE is commonly believed to be directly
triggered by peripheral inflammation,>® precipitating factors
in ICU-associated delirium strongly involve systemic meta-
bolic alterations (hypoglycemia and metabolic acidosis) and
hypoxia as key triggers of delirium.®* In particular, it is
known that hypoxia has strong disrupting effects on the
neurovascular unit. Indeed, experimental models have
demonstrated that hypoxia causes the production of
CXCLS8, CCL2, and VEGF-A with discrete production of
other inflammatory cytokines,® thus mirroring our data
from patients. Precisely, hypoxia was present in all patients
classified here as severe, with 9 of 13 (69%) requiring me-
chanical ventilation.

Finally, we did not find any statistical correlation between the
identified encephalopathy markers CXCL8 and VEGF-A in
the CSF and inflammatory markers from the serum, except
from CXCL10. However, CSF CXCLS levels were correlated
with serum HGF. HGF is an instrumental growth factor for
tissue repair secreted in response to tissue damage. Its con-
centration in the serum has been proposed as a prognostic
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biomarker in severe SARS-CoV-2 infection.”” In this context,
HGEF increase seems to appear as a consequence of in-
flammation and may be a reflection of tissue damage induced
by the peripheral cytokine increase.

We may point to a limited number of tested patients and
larger series could help decipher the mechanisms at play in the
various conditions encountered in COVID-19. We also lack
longitudinal follow-up that could help explain long-haul
neurologic presentations. However, because of large re-
cruitment criteria, our results could be applicable to most
patients with COVID-19.

To conclude, our results suggest that encephalopathies in severe
SARS-CoV-2-infected patients are not due to a major viral
infection of the brain, nor due to a leakage of the cytokine storm
from the periphery into the CNS. However, we identify a strong
link between encephalopathies and BBB impairment. Taken
together, our study identifies a potential mechanism by which
the activation of neurovascular unit cells leads to barrier dis-
ruption, as a result of peripheral inflammation and/or hypoxia.
The fact that COVID-19-associated encephalopathies respond
to corticosteroids actually supports this hypothesis.'>'?
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