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ARTICLE INFO ABSTRACT

Keywords: COVID-19 induces acute and persistent neurological symptoms in mild and severe cases. Proposed concomitant
Coronavirus mechanisms include direct viral infection and strain, coagulopathy, hypoxia, and neuroinflammation. However,
Neuroinflammation

underlying molecular alterations associated with multiple neurological outcomes in both mild and severe cases

COVID:19 . . are majorly unexplored. To illuminate possible mechanisms leading to COVID-19 neurological disease, we
Neuro-infectious diseases . . . . . . o1 . .
Inflammation retrospectively investigated in detail a cohort of 35 COVID-19 mild and severe hospitalized patients presenting

neurological alterations subject to clinically indicated cerebrospinal fluid (CSF) sampling. Clinical and neuro-
logical investigation, brain imaging, viral sequencing, and cerebrospinal CSF analyses were carried out. We
found that COVID-19 patients presented heterogeneous neurological symptoms dissociated from lung burden.
Nasal swab viral sequencing revealed a dominant strain at the time of the study, and we could not detect traces of
SARS-CoV-2’s spike protein in patients’ CSF by multiple reaction monitoring analysis. Patients presented
ubiquitous systemic hyper-inflammation and broad alterations in CSF proteomics related to inflammation, innate
immunity, and hemostasis, irrespective of COVID-19 severity or neuroimaging alterations. Elevated CSF
interleukin-6 (IL6) correlated with disease severity (sex-, age-, and comorbidity-adjusted mean Severe 24.5 pg/
ml, 95% confidence interval (CI) 9.62-62.23 vs. Mild 3.91 pg/mL CI 1.5-10.3 patients, p = 0.019). CSF tumor
necrosis factor-alpha (TNFa) and IL6 levels were higher in patients presenting pronounced neuroimaging al-
terations compared to those who did not (sex-, age-, and comorbidity-adjusted mean TNFa Pronounced 3.4, CI
2.4-4.4 vs. Non-Pronounced 2.0, CI 1.4-2.5, p = 0.022; IL6 Pronounced 33.11, CI 8.89-123.31 vs Non-
Pronounced 6.22, CI 2.9-13.34, p = 0.046). Collectively, our findings put neuroinflammation as a possible
driver of COVID-19 acute neurological disease in mild and severe cases.
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1. Introduction

COVID-19 impacts multiple organs and tissues beyond the respira-
tory system, and the association between COVID-19 and acute and
persistent neurological disease is increasingly recognized. Neurological
manifestations of COVID-19 are frequent and include mild symptoms,
such as headaches and anosmia, to severe acute and sub-acute compli-
cations, including encephalopathy, encephalitis, coma, stroke, and
Guillain-Barré syndrome (Helms et al., 2020a, 2020b; Lechien et al.,
2020; Mao et al., 2020; Romero-Sanchez et al., 2020; Chou et al., 2021).
COVID-19 survivors, even young patients or those with mild to moder-
ate disease, might experience lingering neurological and psychiatric
symptoms, including headache, pain, anxiety, and cognitive distur-
bance; and increased risk of dementia, psychiatric disorders, and epi-
lepsy (Mazza et al., 2020, 2021; Woo et al., 2020; Taquet et al., 2021a,
2021b, 2022). However, we do not know how COVID-19 induces
neurological disturbance.

Viral infections may induce transient or irreversible neural damage
directly, by viral infection-mediated tissue damage, or indirectly.
Infection-induced inflammation may trigger diffuse brain alterations
and symptoms by mechanisms that include aberrant cytokine upregu-
lation, neuro-immune cellular interactions, and blood-brain barrier
function (Klein et al., 2017; Lyra e Silva et al., 2022). COVID-19 induces
a hyper-inflammatory stage and hypercytokinemia (Webb et al., 2020;
Zeng et al., 2020). Acute and sub-acute COVID-19 neurological distur-
bance is associated with neuroimaging alterations suggestive of
inflammation and vascular damage, including hemorrhagic and
ischemic stroke (Helms et al., 2020a; Poyiadji et al., 2020; Freitas et al.,
2021). Cerebrospinal fluid (CSF) findings may include oligoclonal bands
and elevated levels of proteins, glucose, pro-inflammatory cytokines,
and IgG, however, white blood cell counts vary and SARS-CoV-2 genetic
material detection is rare (Espindola et al., 2020, 2021; Helms et al.,
2020a; Freitas et al., 2021; Etter et al., 2022; Siahaan et al., 2022).
Interleukin-6 (IL6) and Tumor Necrosis Factor-alpha (TNFa) are central
innate immunity mediators upregulated in COVID-19 patients’ blood
and CSF that have an already described importance for viral
infection-induced neurological disturbance (Burton and Johnson, 2012;
Figueiredo et al., 2019; Zeng et al., 2020; Espindola et al., 2021; Santa
Cruz et al., 2021; Guasp et al., 2022). Common neuropathological
findings in COVID-19 deceased patients include signs of hypoxia, glial
activation, immune infiltrates, and vascular damage (Lee et al., 2020;
Solomon et al., 2020; Thakur et al., 2021; Yang et al., 2021; Lee MH
et al., 2022). Viral material is found in COVID-19 post-mortem brain
tissue, although inconsistently (Matschke et al., 2020; Thakur et al.,
2021; Yang et al., 2021; Crunfli et al., 2022). Overall, current available
clinical and pre-clinical evidence supports concomitant mechanisms,
including neuroinflammation, coagulopathy, and hypoxia, at the core of
COVID-19-induced neuropathogenesis, particularly in severe cases
(Solomon, 2021; Lyra e Silva et al., 2022).

However, available clinical data that connects COVID-19 disease
severity, neuroinflammation, and neuroimaging alterations is limited.
Most available evidence for COVID-19-induced neuropathological
mechanisms comes from severe or deceased COVID-19 cases, which may
not reflect mechanisms in mild cases. Additionally, the multiple possible
neurological outcomes following COVID-19 infection could imply
distinct underlying molecular alterations, a matter that needs to be
further explored. Understanding the acute disease in detail is important
to tackling disease mechanisms that may be associated with persistent
symptoms in survivors. Furthermore, identifying altered central nervous
system (CNS) molecules in COVID-19 neurological disease may lead to
new therapeutic targets and blood-based biomarkers to monitor patients
quickly during interventional therapies.

We hypothesized that COVID-19 severity and associated pulmonary
burden and systemic inflammation, as well as aspects of viral strain and
possible viral protein neuroinvasion, would lead to neuroinflammation
and, thus, neurological disease. In this study, we conducted a detailed
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clinical, molecular, and neuroimaging examination in COVID-19 pa-
tients with neurological symptoms. We explored relationships between
COVID-19 severity, systemic and CNS hyper-inflammation, CSF prote-
ome, viral material, neuroimaging findings, and neurological outcomes.
Given the critical roles of IL6 and TNFu« in innate inflammatory path-
ways, their associations with COVID-19 severity, and already described
importance for viral infection-induced neurological disturbance
(reviewed by Lyra e Silva et al., 2022), we measured these two cyto-
kines’ levels in patients CSF. As main findings, we showed that
COVID-19 patients presented heterogeneous neurological features
associated with a single altered CSF proteome pattern, despite disease
severity, pulmonary burden, or the presence of pronounced neuro-
imaging alterations. CSF TNFa is ubiquitously elevated in mild and se-
vere patients, but CSF IL6 is preferentially elevated in severe cases.
Finally, both cytokines were higher in cases with pronounced neuro-
imaging alterations. Our results put neuroinflammation as a possible
main driver of COVID-19 neurological disease in mild and severe cases.

2. Methods
2.1. COVID-19 cohort

We retrospectively analyzed data from COVID-19-confirmed hospi-
talized patients from D’Or Sao Luiz Network Hospitals in Rio de Janeiro
(Brazil) and subject to clinically indicated CSF analysis from April to
November 2020. Suspected COVID-19 was defined based on symptoms
clinically compatible with COVID-19 (World Health Organization,
2020a). Confirmation of COVID-19 was based on detecting SAR-
S-CoV-2’s E, RDRP, or N genes RNA by reverse
transcriptase-quantitative polymerase chain reaction (RT-qPCR) assays
(Allpex, 2019 n-CoV assay #RP10252W) on the nasopharyngeal or nasal
swabs or by blood detection of anti-SARS-CoV-2 IgG/IgM antibodies.
The National Commission for Research Ethics (CONEP) from the Bra-
zilian Ministry of Health and the Committee for Research Ethics of D’Or
Institute of Research and Education (IDOR) approved the study protocol
and all amendments, CAAE #29496920.8.0000.5262; CAAE
#41576620.7.0000.5249.

2.1.1. Clinical data analysis

An independent data board reviewed clinical, laboratory, and im-
aging data with access to unblinded data. Clinical data were extracted
from the patients’ medical records, including medical history and
comorbidities inquired by the medical team to patients and relatives at
hospital admission anamnesis, clinical characteristics at hospital
admission, in-hospital symptoms, complications, and medication used,
according to an approved clinical research form (CRF) (International
Severe Acute Respiratory and Emerging Infection Consortium World
Health Organization, 2020a) and clinical characterization protocol
(CCP) (International Severe Acute Respiratory and Emerging Infection
Consortium World Health Organization, 2020b) created by members of
the International Severe Acute Respiratory and Emerging Infection
Consortium (ISARIC) in collaboration with the World Health Organi-
zation. Multimorbidity was defined by the presence of two or more
chronic illnesses. Detailed laboratory results were also collected, and
qualitative and quantitative estimations of lung disease caused by
COVID-19 were determined by computerized tomography (CT) scan
examination.

COVID-19 severity classification followed the “Ordinal Scale for
Clinical Improvement” proposed by a special World Health Organization
(WHO) committee (World Health Organization, 2020b). Mild disease
included hospitalized patients who did not receive oxygen therapy or
received oxygen by masks or nasal cannula. Severe disease included
hospitalized patients who required at least one of the following treat-
ments: oxygen by non-invasive ventilation; high-flow oxygen; intuba-
tion; and mechanical ventilation with or without additional organ
support.
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An experienced neurologist reviewed patients’ clinical data and
defined a major neurological complaint. Encephalitis was defined as
presenting altered mental status (altered level of consciousness, leth-
argy, or personality change) for at least 24h and two or more of the
following criteria: a) seizures not attributable to a pre-existing condi-
tion; b) new-onset focal neurologic finding; c) elevated CSF white blood
cell count (above 5 cells/mm?); d) acute neuroimaging finding consis-
tent with encephalitis; e) abnormal electroencephalography consistent
with encephalitis, or f) fever (above 38 °C) within 3-days of symptom
onset (Venkatesan et al., 2013).

2.1.2. Neuroimaging protocols and analysis

All neuroimaging data were acquired during hospitalization. Brain
CT and/or MRI images were analyzed by two experienced neuroradi-
ologists blinded to patient clinical data, according to a pre-established
structured report. Patients with normal brain scans or findings not
associated with COVID-19 were classified as negative findings. Patients
solely presenting intracranial hypertension signs were assigned to a
specific group defined as moderate neuroimaging findings. Patients with
other discoveries related to COVID-19 encephalitis, ischemic lesions,
stroke, or demyelinating lesions (associated or not to intracranial hy-
pertension) were read as pronounced neuroimaging changes and
assigned to another group. CT scans (with or without contrast admin-
istration) were acquired in multidetector scanners with volumetric data
acquisition. MRI acquisitions were performed on 1.5 T equipment,
following standardized multiplanar protocols for brain, spine, and/or
vessel studies.

2.2. Systemic inflammatory analysis

2.2.1. COVID-19 hyperinflammatory syndrome score (cHIS)

Blood test data most proximal to CSF sampling were retrieved to
compute cHIS as previously described (Webb et al., 2020). The score was
calculated using reported fever at admission or hospitalization and
blood indicators of cytokinaemia (C-reactive protein (CRP) above 15
mg/dL or triglyceride concentration above 150 mg/dL or blood IL6
concentration above 15 pg/mL); hematological dysfunction (neutrophil
to lymphocyte ratio (NLR) above 10, less than 110 billion/L platelets, or
hemoglobin bellow 9.2 g/dL); coagulopathy (D-dimer concentration
above 1.5 pg/mL); hepatic injury (lactate dehydrogenase concentration
above 400 U/L or aspartate aminotransferase above 100 U/L); macro-
phage activation (ferritin concentration above 700 pg/L).

2.2.2. Blood cytokine evaluation

We retrieved 16 serum samples from COVID-19 patients collected
during hospitalization (median O days, interquartile range 0-5.5,
maximum 44 days apart CSF collection date), stored in polypropylene
tubes, and frozen at —80 °C until molecular analysis. Control serum
came from the above specified five healthy donors (negative RT-qPCR
for SARS-CoV-2). Before assays, samples were thawed and kept on ice.
Cytokines were measured using the Human Cytokine/Chemokine Mag-
netic Bead Panel kit (Millipore, #HCYTOMAG-60K) following manufac-
turers’ instructions. Results were read at a MagPix Luminex xMAP
instrument and analyzed with XPonent software. Data is represented as
a fold change computed by subtracting the control mean value (X) from
COVID-19 individual values (Y) and dividing by the control mean, [(Y-
X)/X]. Raw data (pg/mL) was used for statistical analysis. Multiple
comparisons are corrected by FDR, Q = 5%. IL3 was only detected in one
COVID-19 sample and was further excluded from the analysis.

2.3. CSF collection and analysis

Irrespective of patients’ grouping, after lumbar puncture, CSF was
immediately processed for routine laboratory analysis consisting of cell
counts, total protein, glucose, lactate, microbiological analysis, and the
opening pressure estimation. For the COVID-19 group, 14 CSF samples
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were also investigated for the presence of SARS-CoV-2 RNA and other
neuropathogens using the Biomanguinhos (E + P1) RT-qPCR kit
(FIOCRUZ, Brazil), XGEN Master COVID-19 (Mobius Brazil), XGEN Viral
Meningitis Panel (Mobius, Brazil) or FilmArray Meningitis/Encephalitis
Panel (bioMérieux, Brazil). Oligoclonal bands IgG investigation results
were available for four COVID-19 patients (HYDRASYS FOCUSING,
Sebia, France). For all patients from all groups, the remaining cell-free
CSF supernatants were stored in polypropylene tubes and immediately
frozen at —80 °C until used for molecular analysis described next.

2.3.1. NPH pre-pandemic uninfected controls

CSF samples from ten donors diagnosed with NPH and subject to
lumbar puncture to drain fluid excess in 2019 were used as uninfected
control.

2.3.2. CSF IL6 and TNFa quantification

Before assays, CSF samples were thawed and kept on ice. TNFa
concentration was measured using Cayman TNFa (human) ELISA kit
(#589201). Calibrators were diluted in a blocking solution (5% bovine
serum albumin, 0.05% Tween-20 in phosphate-buffered saline). Sam-
ples were tested undiluted. IL6 levels were measured using a Human IL6
Quantikine ELISA kit (R&D Systems, #D6050). Before analysis, samples
were diluted (1:2) in a solution provided by the kit (RD6F). Samples,
quality controls, and calibrators were run in duplicates for all targets,
following manufacturers’ indications. Standard curves were calculated
using a 4-parameter logistic regression model. Low undetermined levels
were expressed as 0 pg/mL.

2.3.3. LC-MS/MS shotgun proteomics analysis

COVID-19 and control CSF samples first received a protease inhibitor
cocktail (Halt Protease Inhibitor Cocktail, Thermo Scientific, #78430).
The CSF samples’ protein amount was quantified using the BCA and
diluted 1:1 v/v in buffer (Tris-HCL 100 mM and 2M Urea). Aiming to
obtain a higher quality of buffer exchange and protein digestion, we
performed the FASP protocol for tryptic digestion (Distler et al., 2016) in
20 pg of protein, briefly described in washing steps to buffer exchange in
a microcolumn tip (10 kDa MW cut off), and tryptic digestion performed
in the column. Samples were reduced, alkylated, and later digested using
trypsin. Digested peptides from each sample were resuspended in 0.1%
FA. The separation of tryptic peptides was performed on an ACQUITY
MClass System (Waters Corporation). 1 pg of each digested sample was
loaded onto a Symmetry C18 5 pm, 180 pm x 20 mm precolumn (Waters
Corp.) used as a trapping column and subsequently separated by a
120-min reversed-phase gradient at 300 nL/min (linear-gradient,
3-55% ACN over 90 min) using an HSS T3 C18 1.8 pm, 75 pm x 150 mm
nanoscale and LC column (Waters Corp.) maintained at 30 °C. The
gradient elution Water-Formic Acid (99.9/0.1, v/v) was used as eluent A
and Acetonitrile Formic Acid (99.9/0.1, v/v) as B. The Separated pep-
tides were analyzed by a High Definition Synapt G2-Si Mass spectrom-
eter directly coupled to the chromatographic system. Differential
protein expression was evaluated with a data-independent acquisition
(DIA) of shotgun proteomics analysis by Expression configuration mode
(Mse). The mass spectrometer operated in “Expression Mode”, switching
between low (4 eV) and high (25-60 eV) collision energies on the gas
cell, using a 1.0s scan time per function over 50-2000 m/z. All spectra
have been acquired in Ion Mobility Mode by applying a 1.000 m/s wave
velocity for the ion separation and a 175 m/s transfer wave velocity. The
processing of low and elevated energy added to the data of the reference
lock mass ([Glul]-Fibrinopeptide B Standard, Waters Corp.) provides a
time-aligned inventory of accurate mass retention time components for
both the low and elevated-energy (EMRT, exact mass retention time).
Each sample was run in three technical replicates.

Continuum LC-MS data from three replicate experiments for each
sample was processed for qualitative and quantitative analysis using the
software Progenesis (Waters Corp.). The qualitative identification of
proteins was obtained by searching the Homo sapiens database (UniProt
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KB/Swiss-Prot Protein reviewed). Search parameters were set as auto-
matic tolerance for precursor ions and product ions, a minimum of one
fragment ions matched per peptide, a minimum of three fragment ions
matched per protein, a minimum of one unique peptide matched per
protein, 2 missed cleavage, carbamidomethylation of cysteines as fixed
modification and oxidation of methionines as variable modifications,
FDR of the identification algorithm <1%.

Label-free quantitative analysis was obtained using the relative
abundance intensity integrated with Progenesis software, using all
peptides identified for normalization. The expression analysis was per-
formed considering technical replicates available for each experimental
condition, following the hypothesis that each group is an independent
variable. It was considered only proteins present in two out of three
technical replicates, and a statistical cut-off of ANOVA >0.05 was
adopted. The dataset containing statistically significant deregulated
proteins was used for Protein Interaction and pathway-enrichment
analysis performed in Cytoscape, and in silico analyses were performed
in an R environment. For Heatmap, volcano plot and PCA analysis, it
was used a homemade Python language open source software Omic-
Scope (Reis-de-Oliveira et al., 2023). The mass spectrometry proteomics
data have been deposited to the ProteomeXchange Consortium via the
PRIDE partner repository with the dataset identifier PXD033979 and
10.6019/PXD033979.

2.3.4. Multiple reaction monitoring (MRM) for SARS-CoV-2’s spike protein

Approximately 500 fmols of digested peptides from a recombinant
spike protein produced by Cell Culture Engineering Lab (COPPER/
UFRJ)(Alvim et al., 2020) were spiked in tryptic peptides from an E. Coli
total protein extract and further loaded onto a Symmetry C18 5 ym, 180
pm x 20 mm precolumn (Waters Corp.) used as trapping column and
subsequently separated by a 90 min reversed-phase gradient at 300
nL/min (linear-gradient, 3-55% ACN over 90 min) using an HSS T3 C18
1.8 pm, 75 pm x 150 mm nanoscale and LC column (Waters Corp.) at
40 °C. For the gradient elution, Water-Formic Acid (99.9/0.1, v/v) was
used as eluent A and Acetonitrile Formic Acid (99.9/0.1, v/v) as B. The
Separated peptides were analyzed by a High Definition Synapt G2-Si
Mass spectrometer directly coupled to the chromatographic system.

The generated raw file was imported into the Skyline software. The
Spike protein was chosen as a FASTA file as a reference for the theo-
retical tryptic peptides, isolating the mass of the peptides of interest
(parent ions) used for the MS/MS selection (fragment ions) and their
retention time to create the MRM method. Four peptides’ transitions
(543.2774++; 570.3035++; 609.7987++, and 679.8386++) were
chosen, and their respective fragments of the recombinant spike protein
considering only peptides with at least three fragment ions and 8-25
amino acids. The Skyline software created the collision energy to be
applied for each peptide. The MRM method for searching for the Spike
protein was applied to all CSF samples.

2.4. SARS-CoV-2’s genome sequencing, assembly, and phylogemny

Five SARS-CoV-2 nasopharyngeal swabs positive samples (collected
during hospitalization) with viral genes N1 or N2 amplification Ct < 30
were sequenced. Sequencing libraries were prepared using the QIAseq
FX DNA Library Prep kit (QIAGEN, Germany), and reactions were
sequenced on the Illumina MiSeq platform (Illumina, USA) with a v3
(600 cycles) cartridge. A custom pipeline for data quality control and
consensus genome assembly was used (Moreira et al., 2021). The viral
genomes were classified into Pango lineages using the Pangolin tool
v2.4.2. The assembly and classification are available in Suppl. Table 6. A
dataset (n = 58) containing only lineages identified in Rio de Janeiro
(Brazil) between April and September 2020 was created using genomes
publicly available on the GISAID EpiCoV database to corroborate the
classification (See Suppl. Table 6). The dataset was aligned with mini-
mapl8, and a maximum likelihood phylogeny was inferred with IQ-tree
v2.0.319 under the GTR + F + I + G4 model (Li, 2018).
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2.5. Statistical analysis

Statistical analyses were performed using Prism 9 Software, v 9.0.2
or Matlab R2019b (Mathworks, USA), or IBM SPSS Statistics version
29.0.2.0 (20). Statistical analysis for proteomic and MRM analyses are
described in the above sessions. Categorical variables are expressed as
frequency and proportion (N°, %) and analyzed using Fisher’s exact or
Chi-squared tests, followed by post-hoc Chi-Squared pairwise compari-
son. Continuous variables were checked for normal distribution using
the D’Agostino & Pearson and Shapiro-Wilk normality tests. As indi-
cated, normally distributed data were expressed as the mean and stan-
dard error of the mean (SEM) or standard deviation (SD). Variances were
compared using the F test. Groups were compared using a t-test, Welch’s
t-test (correction for different variances). To identify possible con-
founders in analyses, we considered previously reported associations
between sex, aging, multimorbidity, cardiovascular, diabetes, neuro-
logical, and neuropsychiatric comorbidities with the risk for severe
COVID-19 and chronic systemic and CNS inflammation (De Felice and
Ferreira, 2014; Friedman et al., 2019; Grande et al., 2020; Guan et al.,
2020; Williamson et al., 2020; Zeng et al., 2020; Evans et al., 2021; Jun
etal., 2021; Lau et al., 2021; Tahira et al., 2021; Taquet et al., 2021c; ten
Caten, 2021; De Felice et al., 2022). Thus, group comparisons for cHIS
and CSF neuroinflammatory biomarkers (IL6 and TNFa) utilized
ANCOVA using sex, age, diabetes, and the numbers of cardiovascular,
neurological/psychiatric, and all other comorbidities as covariates.
Heteroskedasticity was checked using the White and F tests. The
equality of variances was checked using Levene’s test. Covariates cor-
relation was checked using Pearson’s correlation tests and no high
correlation (r > 0.8) was found. Residuals’ normal distribution was
checked using the Kolmogorov-Smirnov and Shapiro-Wilk tests. Because
residuals for ANCOVA analyses using CSF IL6 levels as a dependent
variable did not follow a normal distribution, statistical analyses were
performed after log transformation (LogIL6). Due to the small sample
size, CSF IL6 and TNFa comparisons between neurological diagnostic
groups was performed using Kruskal-Wallis followed by Dunn’s test.
Non-parametric data were expressed as the median and interquartile
range (IQR) and analyzed using the Mann-Whitney test. Multiple com-
parisons were corrected by the FDR method when indicated. The level of
statistical significance was set at 5%. Missing or unavailable data were
not included in the statistical analysis.

3. Results
3.1. COVID-19 patients presented heterogeneous neurological features

Thirty-five patients from 11 hospitals were sequentially included in
this study. Patients’ inclusion and exclusion criteria are described in
Suppl. Table 1. They were classified according to disease severity
considering clinical data (World Health Organization, 2020b). Patients’
inclusion schema, main clinical presentation/disease severity, and
summary of the available data are presented in Suppl. Fig. 1. For sta-
tistical comparisons, deceased patients (n = 5) joined the Severe group.
Patients’ ages ranged from 26 to 87 years old (mean 55.6), with 12 fe-
males (34.3%) (Table 1). Only one patient did not require an intensive
care unit (ICU) hospitalization. Most patients presented at least one
comorbidity (29/35) and 23 (65.7%) presented multimorbidity as
defined by the presence of two or more chronic diseases (Table 1).
Individualized clinical data are shown in Suppl. Table 2. As expected,
mild disease patients were younger, presented fewer comorbidities,
including cardiovascular diseases and diabetes, and had shorter hospi-
talization, including fewer days in an ICU (Table 1). Male patients
showed a 5.5-fold increased risk for severe disease. Severe patients
presented more dyspnea at hospital admission than mild patients. Also,
bacterial pneumonia, hypertension, sepsis, and acute kidney failure
were associated with disease severity. Severe patients reported less
myalgia at admission than mild ones.



F.G.Q. Barros-Aragao et al. Brain, Behavior, & Immunity - Health 39 (2024) 100805

Table 1

Patients’ clinical profile and non-neurological symptoms and complications. Categorical variables are expressed as the number of positive cases (No) and
percentage (%). Normal distributed continuous variables are expressed as mean and standard deviation (SD). Non-parametric continuous variables are expressed as the
median and interquartile range (IQR). *p < 0.05, **p < 0.01, ****p < 0.0001, Fisher’s exact test, t-test or Mann-Whitney test. “Comparisons made with ANCOVA using
sex, age, diabetes, and numbers of neurological, cardiovascular, and other comorbidities as covariates, F(1,27) = 3.2. (.) Non-applicable. (ACE) angiotensin-converting

enzyme, and (ARBs) angiotensin receptors blockers. Multimorbidity is defined by the presence of two or more chronic illnesses.

All Severe Mild Odds ratio (p- Pronounced Negative or moderate Odds ratio
patients value) neuroimaging neuroimaging (p-value)
alterations alterations
All participants, n (%) 35 13 (37.1) severe 17 (48.6) . 10 (28.6) 12 (34.3) moderate
5 (14.3) dead 13 (37.1) negative
Age [years], mean (SD) 55.6 61.8 (15.9) 49.1 (15.9) (0.024%) 57.1 (18.7) 55.0 (16.6) (0.751)
(17.0)
Sex, male (%) 23 (65.7) 15 (83.3) 8(47.1) 5.5 (0.035%) 17 (68.0) 6 (60.0) 0.71
(0.706)
Clinical profile, N° (%)
Number of comorbidities, median 2.00 3.00 (2.0-4.0) 2.0 (0.045%) 3.0 (2.0-4.0) 2.0 (1.0-3.0) (0.212)
(IQR) (1.0-4.0) (0.0-3.0)
Multimorbidity, N° (%) 23 (65.7) 14 (77.8%) 9 (52.9%) 3.1 (0.164) 9 (90.0) 14 (56.0) 7.1 (0.113)
Number of cardiovascular diseases, 0.0 1.0 (0.0-2.25) 0.0 (0.025%) 0.5 (0.0-1.25) 0.0 (0.0-1.0) (0.872)
median (IQR) (0.0-1.0) (0.0-0.5)
Hypertension, N° (%) 14 (40.0) 10 (55.6) 4 (23.5) 4.1 (0.086) 4 (40.0) 10 (40.0) 1.0 (1.00)
Coronary heart disease, N° (%) 5(14.3) 4 (22.2) 1(5.9) 4.6 (0.338) 1 (10.0) 4 (16.0) 0.58 (1.00)
Heart failure, N° (%) 2(5.7) 1(5.6) 1(5.9 0.9 (1.00) 0 (0.0) 2 (8.0) 0.0 (1.00)
Congenital heart disease, N° (%) 2(5.7) 2(11.1) 0(0) o (0.486) 1(10.0) 1 (4.0) 2.67 (1.00)
Acute myocardial infarction, N° (%) 129 1(5.6) 0 (0) oo (1.00) 0 (0.0) 1(4.0) 0.0 (1.00)
Number of metabolic disorders, 0.0 0.0 (0.0-1.0) 0.0 (0.546) 0.5 (0.0-2.0) 0.0 (0.0-1.0) (0.339)
median (IQR) (0.0-1.0) (0.0-1.0)
Obesity, N° (%) 5(14.3) 1 (5.6) 4 (23.5) 0.2 (0.177) 1 (10.0) 4 (16.0) 0.58 (1.00)
Dyslipidemia, N° (%) 3(8.6) 1(5.6) 2(11.8) 0.4 (0.603) 1(10.0) 2 (8.0) 1.28 (1.00)
Diabetes, N° (%) 7 (20.0) 7 (38.9) 0 (0.0) o (0.008**) 4 (40.0) 3(12.0) 4.89
(0.155)
Hypothyroidism, N° (%) 4(11.4) 2(11.1) 2(11.8) 0.9 (1.00) 2(20.0) 2(8.0) 2.875
(0.561)
Hematologic disease, N° (%) 1(2.9 0 (0) 1(5.9 0.0 (0.486) 0 (0.0) 1(4.0) 0.0 (0.706)
Malignant neoplasm, N° (%) 4 (11.49) 3 (16.7) 1(5.9 3.2 (0.603) 1(10.0) 3(12.0) 0.815
(1.00)
Chronic pulmonary disease, N° (%) 3(8.6) 1(5.6) 2(11.8) 0.4 (0.603) 2(20.0) 1 (4.0) 6.0 (0.190)
Smoking, N° (%) 2(5.7) 0 (0.0) 2 (11.8) 0.0 (0.229) 0 (0.0) 2(8.0) 0.0 (1.00)
Chronic renal disease, N° (%) 4 (11.4) 3 (16.7) 1(5.9 3.2 (0.603) 2 (20.0) 2 (8.0) 2.875
(0.561)
AIDS/HIV, N° (%) 129 1 (5.6) 0 (0) o0 (1.00) 0 (0.0) 1 (4.0) 0.0 (1.00)
Hepatitis C, N° (%) 129 0 (0) 1(5.9 0.0 (0.486) 0 (0.0) 1(4.0) 0.0 (1.00)
Other comorbidities, N° (%) 14 (40.0) 8 (44.4) 6 (35.3) 1.5 (0.733) 3(30.0) 11 (44.0) 0.545
(0.704)
Drugs in use at hospital admission, N° (%)
Immunosuppressants 1029 1 (5.6) 0 (0) oo (1.00) 0 (0.0) 1 (4.0) 0.0 (1.00)
ACE inhibitors 3(8.6) 3(16.7) 0(0) o (0.229) 2(20.0) 1 (4.0) 6.0 (0.190)
ARBs 3(8.6) 2 (11.1) 1 (5.9 2.0 (1.00) 0 (0.0) 3(12) 0.0 (0.542)
Anticoagulants 129 1(5.6) 0 (0) oo (1.00) 1(10.0) 0 (0.0) oo (0.286)
Corticosteroids 2(5.7) 1(5.6) 1(5.9) 0.09 (1.00) 1(10.0) 1 (4.0) 2.67 (1.0)
Clinical signs and symptoms at hospital admission, N° (%)
Fever, >37.5°C 22 (62.9) 11 (61.1) 11 (64.7) 0.9 (1.00) 4 (40.0) 18 (72.0) 0.26
(0.123)
Cough 20 (57.1) 10 (55.6) 10 (58.8) 0.9 (1.00) 3(30.0) 17 (68.0) 0.20
(0.062)
Sore throat 4 (11.49) 2(11.1) 2(11.8) 0.9 (1.00) 0 (0.0) 4 (16.0) 0.0 (0.303)
Rhinorrhea 2(5.7) 0 (0) 2(11.8) 0.0 (0.229) 0(0.0) 2(8.0) 0.0 (1.0)
Dyspnea 17 (48.6) 12 (66.7) 5(29.4) 4.8 (0.044%) 3(30.0) 14 (56.0) 0.34
(0.264)
Rash 1(2.9) 0 (0) 1(5.9) 0.0 (0.486) 0(0.0) 1 (4.0) 0.0 (1.00)
Hypertension 2(5.7) 1 (5.6) 1(5.9) 0.9 (1.00) 0 (0.0) 2(8.0) 0.0 (1.0)
Myalgia 11 (31.4) 1(5.6) 10 (58.8) 0.04 (0.001**) 0(0.0) 11 (44%) 0.0
(0.015%)
Arthralgia 1(2.9) 1 (5.6) 0 (0) o0 (1.00) 0 (0.0) 1 (4.0) 0.0 (1.00)
Diarrhoea 4(11.4) 2(11.1) 2(11.8) 0.9 (1.00) 2(20.0) 2(8.0) 2.875
(0.561)
Hospitalization
Duration [days], median (IQR) 17 (7-53) 46.5 7.0 (3-11.5) (<0.001 ****) 33.5 (17-58) 12.0 (6.5-37) (0.212)
(28.25-72.5)
ICU stay [days], median (IQR) 11 (5-36) 36.0 (23-64) 6.0 (<0.001***) 36.0 (10-60) 9.0 (4-27.75) (0.086)
(2.5-10.75)
Main in-hospital non-neurological symptoms and complications, N° (%)
Fever 3(8.6) 2(11.1) 1(5.9) 2.0 (1.00) 0(0.0) 3(12) 0.0 (0.542)
Sinusitis 129 1 (5.6) 0 (0) o0 (1.00) 0 (0.0) 1 (4.0) 0.0 (1.00)
Bacterial pneumonia 6 (17.1) 6 (33.3) 0 (0) o0 (0.019%) 2 (20.0) 4 (16.0) 1.31 (1.00)

(continued on next page)
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Table 1 (continued)
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All Severe Mild Odds ratio (p- Pronounced Negative or moderate Odds ratio
patients value) neuroimaging neuroimaging (p-value)
alterations alterations
Acute severe respiratory distress 1.9 1(5.6) 0 (0) o (1.00) 0(0.0) 1 (4.0) 0.0 (1.00)
syndrome
Tracheobronchitis 129 1 (5.6) 0 (0) o0 (1.00) 1 (10.0) 0 (0.0) o (0.286)
Dyspnea 3(8.6) 2(11.1) 1(5.9 2.0 (1.00) 0 (0.0) 3(12) 0.0 (0.542)
Pulmonary fibrosis 1(2.9) 1(5.6) 0(0) o (1.00) 0(0.0) 1 (4.0) 0.0 (1.00)
Pulmonary thromboembolism 1029 1(5.6) 0 (0) oo (1.00) 0 (0.0) 1 (4.0) 0.0 (1.00)
Hemoptysis 1(2.9 1(5.6) 0 (0) oo (1.00) 1(10.0) 0 (0.0) oo (0.286)
Pleural effusion 1(2.9) 1(5.6) 0(0) o (1.00) 1(10.0) 0 (0.0) o (0.286)
Hypotension 2(5.7) 2 (11.1) 0 (0) o0 (0.486) 1 (10.0) 1 (4.0) 2.67 (1.0)
Hypertension 5(14.3) 5(27.8) 0 (0) oo (0.045%) 3(30.0) 2 (8.0) 4.93
(0.128)
Tachycardia 3(8.6) 3(16.7) 0 (0) o0 (0.229) 1 (10.0) 2 (8.0) 1.28 (1.00)
Ventricular arrhythmia 3(8.6) 3 (16.7) 0 (0) o0 (0.229) 3(30.0) 0 (0.0) o0 (0.018%)
Atrial fibrillation 2(5.7) 2(11.1) 0(0) o0 (0.486) 1(10.0) 1 (4.0) 2.67 (1.0)
Mitral valve regurgitation 1(2.9 1 (5.6) 0 (0) oo (1.00) 1 (10.0) 0 (0.0) o (0.286)
Cardiac arrest 2(5.7) 2(11.1) 0 (0) oo (0.486) 1(10.0) 1(4.0) 2.67 (1.0)
Cardiogenic shock 1(2.9) 1(5.6) 0(0) o (1.00) 1(10.0) 0 (0.0) o (0.286)
Bleeding/Haemorrhage 1(2.9 1(5.6) 0(0) o (1.00) 0(0.0) 1 (4.0) 0.0 (1.00)
Venous thrombosis 4(11.4) 3(16.7) 1 (5.9 3.2 (0.603) 1 (10.0) 3(12) 0.815
(1.00)
Disseminated intravascular 1(2.9 1 (5.6) 0(0) oo (1.00) 0(0.0) 1 (4.0) 0.0 (1.00)
coagulation
Hemodynamic instability 3(8.6) 3 (16.7) 0 (0) o0 (0.229) 2 (20.0) 1(4.0) 6.0 (0.190)
Severe anaemia 3(8.6) 3(16.7) 0(0) o (0.229) 1(10.0) 2(8.0) 1.28 (1.00)
Blood transfusion 1(2.9 1(5.6) 0(0) o (1.00) 0(0.0) 1 (4.0) 0.0 (1.00)
Bacteremia 4(11.4) 3(16.7) 1 (5.9 3.2 (0.603) 1 (10.0) 3(12.0) 0.815
(1.00)
Sepsis/septic shock 9(25.7) 8 (44.4) 1(5.9) 12.8 (0.018%) 4 (40.0) 5 (20.0) 2.67
(0.393)
Hepatitis 1(2.0) 0 (0) 1(5.9 0.0 (0.486) 0 (0.0) 1(4.0) 0.0 (1.00)
Hepatic dysfunction 2(5.7) 1(5.6) 1(5.9) 0.9 (1.00) 1(10.0) 1 (4.0) 2.67 (1.0)
Acute kidney failure 6(17.1) 6 (33.3) 0 (0) o (0.019%) 2(20.0) 4 (16.0) 1.31 (1.00)
Urinary retention 1029 1 (5.6) 0 (0) oo (1.00) 1 (10.0) 0 (0.0) oo (0.286)
Pyelonephritis/pyeloureteritis 2(5.7) 2(11.1) 0 (0) oo (0.486) 1(10.0) 1(4.0) 2.67 (1.00)
Hyperglycemia 3(8.6) 3(16.7) 0(0)  (0.229) 1(10.0) 2(8.0) 1.28 (1.00)
Metabolic acidosis 129 1 (5.6) 0 (0) o0 (1.00) 0 (0.0) 1 (4.0) 0.0 (1.00)
Acute diarrhoea 2(5.7) 2(11.1) 0 (0) oo (0.486) 0 (0.0) 2 (8.0) 0.0 (1.00)
Acute colonic pseudo-obstruction 1.9 1(5.6) 0 (0) o (1.00) 1(10.0) 0 (0.0) o (0.286)
Gastrointestinal bleeding 1.9 1(5.6) 0 (0) oo (1.00) 1(10.0) 0 (0.0) o (0.286)
Rhabdomyolysis 129 1(5.6) 0 (0) oo (1.00) 1(10.0) 0 (0.0) oo (0.286)
Facial hyperemia/oedema 2(5.7) 1(5.6) 1(5.9) 0.9 (1.00) 0(0.0) 2(8.0) 0.0 (1.00)
Pharmacodermia 2(5.7) 1(5.6) 1(5.9) 0.9 (1.00) 0(0.0) 2(8.0) 0.0 (1.00)
Drug-induced hypersensitivity 129 1(5.6) 0 (0) oo (1.00) 0 (0.0) 1(4.0) 0.0 (1.00)
syndrome
Drugs during hospitalization, number of patients in use (%)
Immunoglobulins 2(5.7) 0 (0) 2 (11.8) 0.0 (0.229) 0 (0.0) 2(8.0) 0.0 (1.00)
Corticosteroids 18 (51.4) 11 (61.1) 7 (41.2) 2.2 (0.318) 6 (60.0) 12 (48.0) 1.625
(0.711)
Antibiotics 28 (80.0) 11 (61.1) 12 (70.6) 3.3 (0.228) 8 (80.0) 20 (80.0) 1.00 (1.00)
Anticoagulants 24 (68.6) 13 (72.2) 11 (64.7) 1.4 (0.725) 7 (70.0) 17 (68.0) 1.10 (1.00)
Antivirals 10 (28.6) 8 (44.4) 2(11.8) 6.00 (0.060) 4 (40.0) 6 (24.0) 2.1 (0.421)
Antipsychotics 2(5.7) 1 (5.6) 1(5.9) 0.9 (1.00) 0(0.0) 2(8.0) 0.0 (1.00)
Antidepressants 1.9 1(5.6) 0 (0) o (1.00) 1(10.0) 0 (0.0) o (0.286)
COVID-19-associated 2.6 (23, 3.2 (15, 88.9) 2.0 (8, 5.6 (0.035* and 2.7 (7,70.0) 2.6 (16, 64.0) 1.3 (1.00
Hyperinflammatory Syndrome (cHIS),  65.7) 47.06) 0.085%) and 0.88%)

adjusted means (N° > 2, %)

All patients had at least one brain CT and/or MRI exam (performed at
median one day, IQR 0-4 days apart from lumbar puncture). Twelve
(34.3%) patients only presented signs of intracranial hypertension
(moderate neuroimaging finding). Ten (28.6%) patients showed focal or
diffuse CT or MRI changes associated with COVID-19 and were assigned
as a pronounced group. Representative brain and chest imaging from
pronounced cases are shown in Fig. 1, and a radiological description for
each patient is provided (Suppl. Table 2). The main radiological findings
were related to demyelinating lesions, encephalitis, and stroke.

While most patients did not present extensive pulmonary infiltrates
in CT scans at hospital admission (75% of patients with less than 25% of
pulmonary infiltrates’ extent, only 9.4% of patients with more than
50%, Fig. 2a), 85.7% (n = 30) of the patients presented neurological
symptoms early at this point (Fig. 2b). Headache was most prevalent in

mild diseased patients at admission and hospitalization (Fig. 2b; Suppl.
Fig. 2d). A neurological diagnosis was determined in 68.6 % of patients
(Fig. 2c). Seven patients (20%) presented neurological or psychiatric
comorbidity (See Suppl. Fig. 2a). Severe patients showed a tendency
(Odds ratio 6.0, p = 0.0599, Fisher’s exact test) to have a higher prev-
alence of pronounced neuroimaging changes than mild ones (Fig. 2d).
Among reported symptoms, pronounced neuroimaging abnormalities
were associated with paresis (Fig. 2b). Stroke events (Fig. 2d) and
ventricular arrythmia (Table 1) were associated with pronounced neu-
roimaging findings. Further, patients with neurological/neuropsychi-
atric comorbidities were at risk of developing pronounced neuroimaging
alterations associated with COVID-19 (Suppl. Fig. 2a).

Patients had a CSF laboratory investigation (performed at 14 days
[median], interquartile range [IQR] 8-25 days apart from the COVID-19
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Fig. 1. Representative paired neuroimaging and chest CT findings from COVID-19 patients presenting neurological symptoms. (A) Subject #16 (65 y/o;
male) with encephalitis and a positive result for SARS-CoV-2 RT-qPCR in the CSF screening. Initial symptoms of fever and vomiting, evolving with drowsiness, ataxia,
acute diplopia and convergent strabismus. No signs of viral pneumonia were detected on the CT scan. Case previously reported (Freitas et al., 2021). (B) Subject #25
(83 y/0; male; deceased) with acute CNS ischemic lesions (vasculitis); viral pneumonia, fever, respiratory distress, and rhabdomyolysis. Coronal chest CT images
(lung window) show multiple areas of round ground-glass opacities, mainly on the right lung, with increasing extent after three days. (C) Subject #14 (50 y/o;
female) presented acute demyelinating brain lesions and COVID-19 pneumonia. Axial CT images show areas of consolidation distributed predominantly at peripheral
and posterior areas of the lower lobes and improvement in lung infiltrates after 17 days. (D) Subject #27 (29 y/o; female; deceased) with a previous diagnosis of
Systemic Lupus Erythematosus, presenting CNS vasculitis; refractory epileptic status; and viral pneumonia. Evolution to progressive global systemic failure. Chest CT
shows mild round ground-glass opacity on the middle lobe and upper right lung. Eleven days later, abnormalities increased with diffuse consolidation, mainly in the
lower lobes. (E) Subject #23 (78 y/o; male; deceased) presented a subacute ischemic stroke with an altered level of consciousness, seizures, and coma; viral
pneumonia. Axial CT images show no lung parenchymal findings consistent with viral pneumonia that progresses to mild patchy ground-glass opacity in the lungs’
periphery 17 days after. Lung abnormalities are almost entirely resolved after 41 days. Subjects (B-E) with positive RT-qPCR for SARS-CoV-2 in the nasopharyngeal

swab. Abbreviations: FLAIR, DWi, ADC, T1, T1 Gd+, T2 refer to MRI sequences, and Gd + represents venous contrast. Time of flight (TOF) arterial angiographic
MRI sequence.



F.G.Q. Barros-Aragao et al.

a) Extent of pulmonary infiltrates at admission
|[J 0-25% [ 25-50% B > 50%
Dead
Severe
Mild

0 2 4 6 8 1012 14 16 18 20 22 24 26 28 30 32
Patients (n)

[ ] Mild case with negative neuroimaging findings
[ Mild case with moderate neuroimaging findings
Il Vild case with pronounced neuroimaging findings

Y Severe case with negative neuroimaging findings
[ Severe case with moderate neuroimaging findings
B Severe case with pronounced neuroimaging findings

c)

Neurological diagnosis

Neuromuscular syndromes

CNS Inflammatory diseases &_
Encephalopathy
Stroke #
Refractory status epilepticus
Undetermined : m
0 2 4 6 8 1012 14 16 18 20 22 24 26 28 30 32 34

Cases (n)

Ataxia, Dysmetry, Dysdiadochokinesia

Brain, Behavior, & Immunity - Health 39 (2024) 100805

b) Neuro-associated symptoms at admission
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Fig. 2. COVID-19 induces neurological disturbances despite the low extent of pulmonary infiltrates. (A) Pulmonary infiltrates extent in CT scans at hospital
admission (n = 33). (B-D) Patients were grouped as presenting negative (white bars), moderate (light purple) or pronounced (dark purple) neuroimaging (CT/MRI)
findings related to COVID-19 hospitalization (n = 35). Dashed lines represent severe disease or death. CNS inflammatory diseases include meningitis, encephalitis,
meningoencephalitis, encephalomyelitis, myelitis, CNS vasculitis, and acute disseminated encephalomyelitis (ADEM). Neuromuscular syndromes include Guillain-
Barré Syndrome (GBS), cranial neuropathy, peripheral facial paralysis, and myopathy. See Suppl. Table 2 for individualized data. *p < 0.017, disease severity as an
outcome, Fisher’s exact test; #p < 0.017, neuroimaging positivity as an outcome, Chi-Square test, followed by pairwise comparison with Bonferroni correction. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

initial symptoms; median 3 days, IQR 0.5-16 days after hospital
admission). Clinical indication for lumbar punction procedure and
routine CSF laboratory findings did not differ between COVID-19 severe
and mild patients (Suppl. Figs. 2b and c). Only three patients presented
CSF white blood cell (WBC) counts above five per mm?> (ranging from 9
to 65 cells/mm?®). Increased CSF opening pressures were observed in 13
patients (ranging from 21 to 35 cmH50), protein levels were high in
twelve patients (ranging from 41 to 100 mg/dL), and glucose was
increased in seven patients (from 81 to 144 mg/dL), see Suppl. Table 3.
The microbiological screening was negative in all samples. One patient
(#16) had SARS-CoV-2 mRNA and oligoclonal bands detected in the
CSF. This patient was diagnosed with meningoencephalitis, and his case
is also described elsewhere (Freitas et al., 2021).

We sequenced the SARS-CoV-2 genome found on the nasopharyngeal
swab of four patients. Phylogeny analysis revealed the presence of the
viral lineage B.1.33 (Suppl. Fig. 3, Suppl. Tables 4 and 5). To investigate
the presence of SARS-CoV-2 spike protein in the CNS of COVID-19 pa-
tients presenting neurological symptoms, we performed a multiple re-
action monitoring (MRM) analysis in a representative subset of COVID-
19 patients’ CSF (n = 16, eight patients with mild disease, six with se-
vere illness, and two deceased; four patients with pronounced, seven
with moderate, and five with no neuroimaging alterations). First, we
used tryptic peptides from a recombinant spike protein to construct the

MRM method and validate the ion transitions (MS1 and MS2 level) and
the retention time of the desired peptides (Suppl. Fig. 4a). Once the
MRM method was established, we applied the technique to COVID-19
and 10 pre-pandemic uninfected control CSF samples (samples from
normal pressure hydrocephalus (NPH) patients collected in 2019, before
COVID-19 was detected in Brazil). As a result, we found no evidence of
spike protein in the tested samples (Suppl. Fig. 4b). Comparisons be-
tween COVID-19 and NPH CSF samples’ white blood cell count and
protein, glucose, and lactate levels are presented in Suppl. Table 3.

3.2. Systemic and CNS hyper-inflammation are associated with COVID-
19 neurological symptoms and neuroimaging alterations

Clinical and blood laboratory data analysis revealed signs of COVID-
19 hyper-inflammation (cHIS >2) in 23 (66%) patients proximal to CSF.
The frequency of patients presenting hyper-inflammation (cHIS >2) was
higher in the severe group (Table 1). After controlling for age, sex, and
comorbidities, we found a tendency for a relationship between higher
cHIS score and COVID-19 severity (Table 1). We also measured a panel
of 28 cytokines from 16 patients (collected at 0 [median], IQR 0-5.5,
days from lumbar puncture) and five healthy donors’ serum. Patients’
cytokine analysis was restricted to sample availability. COVID-19
neurological patients displayed ubiquitous increases in circulating
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cytokine levels compared to controls (Fig. 3).

Turning to the central nervous system, we performed large-scale
mass-spectrometry-based shotgun proteomics in a subset of COVID-19
patients” CSF compared to uninfected controls. Due to restrictions on
sample availability, the same subgroup analyzed by MRM was used for
proteomics analyses. As a result, we found that COVID-19 induced an
altered CSF proteomic pattern compared to NPH, presenting 116 sta-
tistically significantly deregulated proteins. Hierarchical clustering
analysis, considering the protein expression levels of each patient for
similarity, showed a tendency to group COVID-19 patients (Fig. 4a).
However, it was not sufficient to completely distinguish them from the
control group. PCA analysis was also performed to confirm the trend
among COVID-19 patients, making it possible to distinguish the groups
(Fig. 4b and Suppl. Fig. 5b). Nonetheless, two samples still overlapped
(Fig. 4a and b).

Pathway enrichment analysis showed that COVID-19 modulated
proteins related to the complement and coagulation cascade, immune
response, and metabolic processes (Fig. 4c). Altered proteins clustered in
two main pathway groups: innate immune system/complement and
hemostasis/clotting cascade deregulation (Fig. 4d). Protein-protein
clustering interaction analysis further highlighted that part of the dys-
regulated proteins clustered to homeostasis and complement cascade
response (Fig. 4e). Alteration of proteins significantly overlapped with
amyloidosis, inflammatory response, metabolic diseases, and hemolytic
diseases (Fig. 4f). Gene ontology (GO) enrichment analysis supported
dysregulations at vesicle transport and secretion, oxygen and cholesterol
molecular functioning, as well as innate and adaptive immune responses
(Suppl. Fig. 5¢). We have confronted our dataset of the COVID-19 pa-
tients’ CSF dysregulated proteins against a databank with tissue protein
markers showing a high enrichment with protein markers of CSF and
CNS tissue (Suppl. Fig. 5d), increasing the reliability of our data. Finally,
we found only a few proteins significantly deregulated when comparing
CSF proteomic data from mild and severe cases or cases presenting
negative, moderate, or pronounced neuroimaging findings. These sub-
groups were not distinguished within the COVID-19 patients.

Subsequentially, we measured two key pro-inflammatory cytokine
levels (IL6 and TNFa) in COVID-19 patients’ CSF. COVID-19 patients
presented higher levels of both cytokines than uninfected controls
(Suppl. Fig. 6 a, b). However, we did not detect differences when
comparing patients by their neurological diagnosis (Suppl. Fig. 6 ¢, d).
After accounting for the possible confounding effects of age, sex, and
comorbidities, CSF IL6 was higher in severe compared to mild cases
(Fig. 5a and b), while both CSF IL6 and TNFa were elevated in cases with
pronounced neuroimaging findings (Fig. 5¢ and d).

4. Discussion

Our results collectively link systemic and CNS inflammation to
neurological alterations in hospitalized COVID-19 patients. In accor-
dance with previous studies, we observed that COVID-19 induces het-
erogeneous neurological illnesses and brain structural changes.
However, heterogeneous cases showed a homogeneous pattern of CSF
proteomic alterations. Despite a possible basal inflammation in NPH
uninfected controls (Lolansen et al., 2021) that could underestimate our
results, our proteomic analysis revealed broad proteomic changes
related to neuroinflammation, innate immunity activation, and response
to infections in COVID-19 patients. Innate immunity activation in the
CNS results in altered glial and blood-brain barrier functioning, circu-
lating immune cell recruitment, and the release of cytokines (Klein et al.,
2017). Those changes alter neurotransmitter release, cerebral meta-
bolism, oxygen consumption, and blood flow, resulting in acute
behavioral changes and neurological symptoms (Klein et al., 2017).
Additionally, maladaptive immune response may induce synapse and
tissue damage (Vasek et al., 2016; Figueiredo et al., 2019; Garber et al.,
2019), and chronic neuroinflammation has been associated with psy-
chiatric and neurodegenerative diseases (Frost et al., 2019; De Sousa
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et al., 2021; De Felice et al., 2022; Lyra e Silva et al., 2022). We found a
cluster of proteins related to complement cascade activated in COVID-19
patients’ CSF. In the adult CNS, complement activation and synapse
tagging trigger synaptic elimination by microglia in animal models of
neuro-infectious diseases (Vasek et al., 2016; Figueiredo et al., 2019).
Accordingly, research on COVID-19’s post-mortem brain samples sup-
ports pathologic microglia and complement involvement (Thakur et al.,
2021; Yang et al., 2021; Lee MH et al., 2022). Additionally, we found
CNS proteomic alterations related to hemostasis that could be behind
the frequently observed vascular, hypoxic, and ischemic pathology in
severe post-mortem brains (Thakur et al., 2021).

Hyper-inflammation is overt in COVID-19 patients and has been
previously linked to COVID-19 severity and mortality (Webb et al.,
2020; Zeng et al., 2020). Our cohort included only neurological cases,
and we found that most patients, irrespectively of neuroimaging find-
ings and particularly the severe cases, presented evidence of systemic
hyper-inflammation and hypercytokinemia at the time of CSF sampling.
In accordance with previous studies (Espindola et al., 2021; Guasp et al.,
2022), TNFa and IL6 were found to be high in COVID-19 patients’ CSF
and blood. Moreover, CSF IL6 was higher in severe cases, and both CSF
IL6 and TNFa were upregulated in cases with pronounced neuroimaging
alterations. These findings link CNS inflammation to systemic inflam-
mation in COVID-19 patients with neurological symptoms, supporting
the hypothesis that systemic inflammation associated with severe dis-
ease and circulating cytokines could drive COVID-19 neurological dis-
ease (Klein et al., 2017; Lyra e Silva et al., 2022). Our study further
contributes to the identification of key biomarkers associated with
COVID-19-induced CNS disturbance and neuroimaging alterations that
could be incorporated as additional analysis in situations where CSF
examination is already clinically required and contribute to therapeutic
protocol elaboration. This knowledge could also base the development
of blood-based biomarkers, possibly enabling monitoring of patients’
response to therapeutics even before symptoms improve. We have
recently established that brain TNFa upregulation triggers
microglial-mediated synaptic engulfing in a mouse model of CNS viral
infection leading to memory impairment (Figueiredo et al., 2019). In a
COVID-19 longitudinal cohort, we showed that acute and persistent
blood TNFa is associated with persistent neuroimaging and memory
alterations up to one-year post-COVID (Sudo et al., 2024). Infliximab
treatment, an anti-TNFa monoclonal antibody, alleviated memory def-
icits and synapse pathology in infected mice. Both IL6 and TNFa
blocking treatments are trialed for COVID-19 treatment (Angriman
etal., 2021; World Health Organization, 2021). It would be beneficial to
evaluate if these treated patients develop fewer neurological symptoms.
It is also important to consider that persistent chronic inflammation is
associated with neurodegenerative and neuropsychiatric diseases onset
(De Felice et al., 2020; Lyra e Silva et al., 2022). As biomarker research
evolves to enable minimally invasive measurements of neuro-
inflammation in the blood, this could be translated to long-term patient
monitoring, which is particularly important for those at risk of devel-
oping persistent or long-term negative neurological outcomes.

We hypothesized that viral strain characteristics could be behind the
development of important neurological symptoms in COVID-19. How-
ever, SARS-CoV-2 sequencing of four neurological cases revealed the
B.1.33 lineage, the same lineage most COVID-19 patients in Brazil were
infected with during the study’s period (Candido et al., 2020). It would
be essential to understand how our results replicate in larger cohorts,
considering post-vaccination and the onset of other viral strains, such as
omicron. We also hypothesized that direct virus infection or the pres-
ence of viral proteins could be driving neuropathology in COVID-19
patients (Rhea et al., 2020; Lyra e Silva et al., 2022). One out of four-
teen CSF samples tested positive for SARS-CoV-2 mRNA. Indeed,
SARS-CoV-2 genetic material is rarely detected in patients’ CSF
(Espindola et al., 2020). Additionally, we found no traces of Spike
protein in patients’ CSF. However, SARS-CoV-2 material has been pre-
viously reported in patients’ post-mortem samples. Therefore, we cannot
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Fig. 3. COVID-19 patients with neurological symptoms present modified systemic inflammatory biomarkers. Data are shown as the median, interquartile range
(box), and min-max points (whiskers). Symbols indicate individual patients (n = 5 control, 16 COVID-19). Mann-Whitney test corrected for False Discovery Rate
(FDR) using the two-stage step-up (Benjamini, Krieger, and Yekutieli) method. Discoveries are signalized by the above g-values (FDR-adjusted p-values).

10



F.G.Q. Barros-Aragao et al. Brain, Behavior, & Immunity - Health 39 (2024) 100805

a) Wcovmas b)

M

Principal Component Analysis (pvalue=0.05)

- B o cowo
o cm
100
75 ®
°
& 50 o
g °
§ g 2
& e o ®
s 0.0
. ® 0 '.
3 ] e
s °
= ©
| ° °
4 °
-0 e o Py
o = o =
Pe1-32.1%

Pathways Enrichment Analysis
Complement and coagulation cascades . @

Immuhe éystem
Regulation of Complement cascade . O -

Complgment and

o PN
Henqostasis Innate Irr\[nul;le System coagulation cascades
Staphylococcus aureus infection ‘ . e - .
. ) Staphylococcus aureus Regulation of Complement
Initial triggering of complement -. Fiatelet dggr/anulauon infection cascade
Innate Immune System <. O - Initial (Piﬁbaring of Peﬁ;;sis
Regulation of IGF transport complement o
Pertussis -. and uptake by IGFBPs Classical
antibody-mediated 7 g
Systemic lupus erythematosus . i complem:‘nféc‘tivation Activation of C3 and C5
Post-translational protein Systeric lupus -
Activation of C3 and C5 o . phosphorylation erythematosus

Immune System

Neutrophil: deéranulanon African try/;;;r;bsomiasis
- pan

Scavenging of heme from plasma Cholesterol nEetabolism
-

Scavenging of heme from
Platelet degranulation § . plasma
Classical antibody-mediated complement activation . 10 &
2
Regulation of IGF transport and uptake by IGFBPs -| . O
Post-translational protein phosphorylation . O 2 f)
2 Diseases Enrichment Analysis
African trypanosomiasis q . § Y
[ Amyloidosis . o
@ #
Cholesterol metabolism 4 O O Familial visceral amyloidosis { @ O
— . § Complement deficiency 1 @)
8 Acquired metabolic disease . (@)
Neutrophil degranulation . O 10 Disease of anatomical entity ’.
(%]
> O = Atypical hemolytic-uremic syndrome
L 3 yp v v Q
290\ 290\ <] Hemolytic-uremic syndrome .
@7« o
N S <& ETS Age related macular degeneration ‘
&
Disease P.
e) Disease of metabolism . [ )
Urinary system disease .
Protein-Protein Interaction Clustering Kidney disease | @)
Hemostasis Prion disease { @
Complement Cascade Immune system disease ‘
P-Adjusted = 5.09e-19 Primary immunodeficiency disease ‘
Finnish type amyloidosis { @
Autosomal genetic disease 1. @® %
Creutzfeldt-Jakob disease { @ >
Glomerulonephritis { @
Thalassemia { @ 2
o
Hemoglobin d disease { © B
=
Congenital hemolytic anemia{ @ ©O ;

Autosomal dominant disease
Membranoproliferative glomerulonephritis

Genetic disease

o 0 .

S,

“{o o
Down

%,
%,
%0 %
%(
——
#Proteins
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exclude the possibility of brain parenchyma infection.

Survivors of critical illness and respiratory distress syndrome
frequently experience neurological disturbance and long-lasting cogni-
tive decline (Sasannejad et al., 2019). Accordingly, we found that severe
COVID-19 patients presented more pronounced systemic inflammation
and neuroimaging alterations. Our study design does not differentiate
the neuropathological contributions of infection specifically by
SARS-CoV-2 from any-cause hypoxia and critical illness. However, most
patients in our cohort did not present extensive pulmonary damage in
CT scans at hospital admission while presenting a neurological symptom
as the primary clinical presentation. Others also report COVID-19
neurological cases in which neurological complaints appeared before
respiratory symptoms (Siahaan et al., 2022).

Finally, our study’s strengths include the multicentric design and the
collection of in-depth supportive clinical, neurological, neuroimaging,
and laboratory data allied to a broad-scoped CSF proteomic and targeted
biomarker analysis. However, the retrospective and cross-sectional
design, the lack of neurological evaluation for COVID-19 patients
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before infection or at a follow-up, and the low sample size limit our
conclusions. Thus, it will be essential to see how our findings replicate in
larger cohorts using blood-born biomarkers. Additionally, future longi-
tudinal cohort studies allied with pre-clinical investigation will be
important to provide evidence for the causality of associations herein
reported.
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