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29047-105, Brazil
f National Institute of Science and Technology for Translational Medicine (INCT TM) - CNPQ/FAPESP/CAPES - Brazil

A R T I C L E I N F O

Keywords:
SARS-CoV-2
Severe COVID-19
Neuroinflammation
BDNF
Cardiovascular disease
Kidney disease

A B S T R A C T

Even though respiratory dysfunctions are the primary symptom associated with SARS-CoV-2 infection, cere-
brovascular events, and neurological symptoms are described in many patients. However, the connection be-
tween the neuroimmune profile and the lung’s inflammatory condition during COVID-19 and its association with
the neurological symptoms reported by COVID-19 patients still needs further exploration. The present study
characterizes the SARS-CoV-2 infectivity profile in postmortem nervous and lung tissue samples of patients who
died due to severe COVID-19, and the pro-inflammatory factors present in both nervous and lung tissue samples,
via a proteomic profiling array. Additionally, Brain-Derived Neurotrophic Factor (BDNF) levels and intracellular
pathways related to neuroplasticity/neuroprotection were assessed in the samples. Out of the 16 samples
analyzed, all samples but 1 were positive for the viral genome (genes E or N2, but only 3.9% presented E and N2)
in the olfactory brain pathway. The E or N2 gene were also detected in all lung samples, with 43.7% of the
samples being positive for the E and N2 genes. In the E/N2 positive brain samples, the Spike protein of SARS-
CoV-2 co-localized with TUJ-1+ (neuron-specific class III beta-tubulin) and GFAP+ (glial fibrillary acidic pro-
tein) astrocytes. IL-6, but not IL-10, expression was markedly higher in most nervous tissue samples compared to
the lung specimens. While intracellular adhesion molecule-1 (ICAM-1), interleukin-8 (IL-8), macrophage
migration inhibitory factor (MIF), and plasminogen activator inhibitor 1 (PAI-1) were increased in lung samples
from SARS-Cov-2 patients, only MIF and IL-18 were detected in nervous tissue samples. Correlation analysis
suggested that high levels of IL-6 are followed by increased levels of IL-10 in the brain, but not in lung samples.
Our analysis also demonstrated that the presence of comorbidities, such as cardiovascular disease, hypertension,
and hypothyroidism, is associated with neuroinflammation, while chronic kidney conditions predict the presence
of neurological symptoms, which correlate with lower levels of BDNF in the brain samples. Our results
corroborate the hypothesis that a pro-inflammatory state might further impair neural homeostasis and induce
brain abnormalities found in COVID-19 patients.
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1. Introduction

More than two years after the beginning of the COVID-19 pandemic,
SARS-CoV-2 infection has caused the death of millions of people
worldwide and challenged the health systems and the scientific com-
munity to find the best ways to combat the disease (Mohamadian et al.,
2021; Singh et al., 2020). Even though SARS-CoV-2 infection is most
frequently associated with respiratory dysfunctions, many patients have
cerebrovascular events and neurological symptoms (Varatharaj et al.,
2020; Lu et al., 2020). Moreover, there are reports of patients without
respiratory signs, but with neurological manifestations as the only
consequence of SARS-CoV-2 infection (Duong et al., 2020). The neuro-
logical symptoms may include dizziness, acute cerebrovascular disor-
ders, headaches, convulsions, encephalopathy, encephalitis, ischemic
stroke, changes in consciousness, muscle injury, and anosmia (Mao
et al., 2020; Fotuhi et al., 2020), with an increasing number of reports
supporting that SARS-CoV-2 is neurotropic.

The novel coronavirus has already been detected in the cerebrospinal
fluid of COVID-19 patients and human brain organoids (Huang et al.,
2020; Song et al., 2021). Furthermore, human autopsy studies have
shown viral RNA transcripts in brain tissues and viral proteins in the
endothelial cells within the olfactory bulb of patients who died from
COVID-19 complications (Puelles et al., 2020; Solomon et al., 2020; Daly
et al., 2020). Studies have tried to elucidate the implications of
SARS-CoV-2 neuroinfection, including its long-term consequences
(Helms et al., 2020; Al-Sarraj et al., 2021). RNA of other human coro-
navirus (HCoVs), such as HCoV-OC43, has been detected in postmortem
brain samples from patients with multiple sclerosis (Murray et al.,
1992). HCoV-OC43 can quickly propagate between neurons and reach
several brain areas, compromising multiple brain functions and, in some
cases, producing fatal encephalitis (Arbour et al., 2000). Additionally,
HCoV-NL63, whose cell entry receptor is ACE-2, which is the main cell
receptor for SARS CoV-2, has been implicated in neurological condi-
tions, including seizures and acute encephalitis (Chiu et al., 2005).

However, there have been controversial results regarding the brain
infectivity profile of SARS-CoV-2 and its correlation with poor neuro-
logical outcomes. While some studies have reported SARS-CoV-2
genome in olfactory nerve cells, others have failed to find significant
virus detection, posing an important question about whether SARS-CoV-
2 effectively infects the brain and is unequivocally connected with
neurological symptoms in COVID-19 patients (Song et al., 2021; Li et al.,
2016; Meinhardt et al., 2021). Therefore, the present study investigated
the neuro-immune consequences of COVID-19 in postmortem samples of
the brain/olfactory pathway, and their relationship with the in-situ
detection of SARS-CoV2.

2. Material and methods

2.1. -Detection of SARS-CoV-2 genome in the samples

SARS-CoV-2 genes E/N2 were detected by RT-qPCR according to the
Charité protocol (Meinhardt et al., 2021), using β-actin/RNAse mRNAs
as housekeeping genes and total nucleic acids extracted with Trizol®
from 250 μL of homogenized cell pellets and supernatants to determine
the genome viral load in postmortem tissues and in vitro assays. All
real-time PCR assays were performed on a Step-One Plus real-time PCR
thermocycler (Applied Biosystems, Foster City, CA, USA), with specific
primers and probes (Table 1). Briefly, after reverse transcription with 1
μL of extracted RNA primed with random hexamers using Multiscribe
Reverse Transcriptase (Applied Biosystems, Foster City, CA, USA),
real-time PCR for SARS-CoV-2 was performed in a final volume of 15 μL,
using 3 μL of cDNA, 400 nM forward and reverse primers, 200 nM probe,
0.15 μL of Rox and 7.5 μL of TaqMan master mix (Sigma-Aldrich, St.
Louis, MO, EUA), with the following parameters: 95 ◦C for 3 min (min)
and then 45 cycles of 95 ◦C for 15 s (s), 60 ◦C for 30 s, with a final
soaking at 10 ◦C.

2.2. Postmortem samples

Postmortem samples were collected from olfactory epithelium/brain
(OE/brain samples) by minimally invasive autopsies done on sixteen
individuals who died from COVID-19. The study was approved by the
National Commission for Research Ethics (CAAE:
32475220.5.0000.5440 and CAAE: 38071420.0.1001.5404). Clinical
data and comorbidities of the patients are presented in Table 2. OE/
brain Formalin-fixed paraffin-embedded brain tissue samples were ob-
tained and then sectioned into slices of 2–4 μm of thickness. For prote-
omic assay, proteins were isolated from the organic phase saved from
the RNA isolation step of the RT-qPCR analysis. Protein concentration
was measured with a protein bicinchoninic acid kit (BCA) (Thermo
Fisher Scientific, Inc.).

2.2.1. Immunofluorescence staining
Sixteen postmortem tissue samples taken from olfactory epithelium/

brain were fixed with 4% paraformaldehyde (PFA) for 24 h (h). Tissues
were then processed and embedded in paraffin for posterior preparation
of 4 μm tissue sections using a microtome and mounted in gelatin-
covered glass slides (1 slide per sample). Subsequently, tissue sections
were submitted to sequential incubations with organic solvents to
remove paraffin and then to an antigen retrieval protocol (30 min in
citrate buffer at 70 ◦C). Slides were then washed 3 times in TBS (Tris
Buffered Saline, 50 nM) and incubated for 4 h in a blocking solution
[bovine serum albumin (BSA) 1% + 0,25% Triton 100X in TBS). After

Table 1
Primers used for SARS-CoV-2 PCR detection.

Primer Sequence Reference

N2 Forward 5’-TTA CAA ACA TTG GCC GCA AA-3’ Nalla et al., 2020
Reverse 5’-GCG CGA CAT TCC GAA GAA-3’
Probe 5’-FAM-ACA ATT TGC CCC CAG CGC TTC AG-BHQ1-3’
Forward 5’-ACAGGTACGTTAATAGTTAATAGCGT-3’

E Reverse 5’-ATATTGCAGCAGTACGCACACA-3’ Corman et al., 2020
Probe 5’-AM-ACACTAGCCATCCTTACTGCGCTTCG-BHQ-1-3’
Forward 5’-AGA TTT GGA CCT GCG AGC G-3’

RNAse-P Reverse 5’-GAG CGG CTG TCT CCA CAA GT-3’ Nalla et al., 2020
Probe 5’-FAM – TTC TGA CCT GAA GGC TCT GCG CG – BHQ-1-3’
Forward 5’ -CCC AGC CAT GTA CGT TGC TA- 3’

β-actin Reverse 5’-TCA CCG GAG TCC ATC ACG AT-3’ Proenca-Modena et al., 2012
IL-6 ProbeForwardReverse Fam-ACG CCT CTG GCC GTA CCA CTG G-Tamra

5’ -ATC GGG CTG AAC GGT CAA AG- 3’
5’ -GGC GTC GTG GAT GAC ACA- 3’

IL-10 ForwardReverse 5’ -TTC CCT GAC CTC CCT CTA ATT -3’
5’ -GTC CCC TGG TTT CTC TTC CTA A -3’
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that, slides were incubated with a combination of primary antibodies for
48 h (human chimeric anti-SARS-CoV-2 Spike S1- GeneScript + mouse
monoclonal anti-GFAP- Cell Signaling- 1:500; or human chimeric anti-
SARS-CoV-2 Spike S1+ mouse Tuj-1- Millipore, 1:500; or human
chimeric anti-SARS-CoV-2 Spike S1- GeneScript + goat polyclonal anti-
Iba- Novusbio 1:500). The slides were washed three times in TBS and
incubated with secondary antibodies Alexa Fluor, nuclei were stained
with Hoestch (Life Technologies), and images were acquired in a
confocal microscope (Leica SPE-TS) using Z-stacks, and analysis of
colocalization was done using the 3D function of the LAX-Z software.

2.2.2. Quantitative PCR for IL-6 and IL-10 mRNAs
Tissue fragments of the postmortem samples collected through mini-

mally invasive biopsy (intranasal-olfactory pathway/brain and lung)
were placed in individual Eppendorf tubes, each containing 500 μL of
TRIzol™ (Invitrogen, Thermo Fisher Scientific, USA). The tissues were
then subjected to tissue lysis and homogenization using a Tissuelyser.
Subsequently, the steps of RNA extraction were carried out with TRI-
zol™ (TRIzol Plus RNA Purification, Thermo Fisher Scientific, USA),
cDNA synthesis (High-Capacity RNA to cDNA™ Kit, Thermo Fisher
Scientific, USA), and RT-PCR for the quantification of the expression of
the Interleukin-6 (IL-6- primers Table 1), and Interleukin-10 (IL-10-
primers Table 1) mRNAs. Real-time PCR assays were performed using
specific primers and probes, along with TaqMan Fast Advanced Master
Mix (Applied Biosystems™). All assays were conducted following the
instructions provided by their respective manufacturers. The obtained
values were normalized by the expression of the β-actin gene. The
experiment was performed with a total of three biological replicates and
results expressed by 2- Δ/ΔCt method.

2.2.3. Proteomic profile of cytokines and chemokines
To measure cytokines and chemokines, purified proteins were ob-

tained from OE/brain and lung tissues. Using a Human Cytokine Array
Panel A kit (R&D Systems, Inc.), 36 different cytokines were analyzed
according to the manufacturer’s instructions. The immune spots were
exposed and captured with an Imager AI680 (GE Amersham™), and the
data were analyzed with Image Studio Lite 5.2 software (LI-COR, Inc.).

2.2.4. Enzyme-linked immunosorbent assay for the quantification of IL-6,
IL-10, ACE-2 and BDNF

IL-6 (cat number- D6050), IL-10 (cat number-DY217b), ACE2 (cat
number-DY929) and BDNF (cat number-DY248) expression were
measured with commercial ELISA DuoSet kits (R&D Systems, Minne-
apolis, MN, USA) according to the manufacturer’s instructions. Briefly,
proteins extracted from the supernatant of the TRIZOL phase of brain
and lung postmortem samples were analyzed in 96-well microplates
(DY990 - R&D Systems, Minneapolis, MN, USA) that were incubated
overnight at room temperature with 100 μL of Capture antibodies (IL-6:
PART#890045; IL-10: PART#841825; ACE-2: PART#841365; BDNF:
PART#840180 - R&D Systems, Minneapolis, MN, USA) diluted in PBS
(137 mM NaCl; 2.7 mM KCl; 8.1 mM Na2HPO4; 1.5 mM KH2PO4; pH
7.2–7.4, 0.2 μm filtered). After three washes with Wash Buffer (0.05%
Tween® 20 in PBS, pH 7.2–7.4), microplates were blocked with 300 μL/
well of Reagent Diluent (1% BSA in PBS, pH 7.2–7.4, 0.2 μm filtered)
and incubated at room temperature for 1 h. After another wash step,
100 μL of samples (previously centrifuged and diluted 1:10 in Reagent
Diluent) or standards were added to the microplates and incubated for 4
h at room temperature. Microplates were washed once again and 100 μL
of detection antibodies (IL-6: PART#890046; IL-10: PART#840196;
ACE-2: PART#841366; BDNF: PART#840181 - R&D Systems, Minne-
apolis, MN, USA) diluted in Reagent Diluent were added and incubated
for 2 h at room temperature. After another wash step, 100 μL of Strep-
tavidin conjugated to horseradish-peroxidase (Streptavidin-HRP)
diluted in Reagent Diluent were added and incubated at room temper-
ature, protected from light, for 20 min. The microplates were rewashed,
and 100 μL/well of Substrate Solution (1:1 mixture of Color Reagent A:
H2O2 and Color Reagent B: Tetramethylbenzidine) were added and then
incubated for 20 min at room temperature. To stop the reaction, 50 μL of
Stop Solution (H2SO4 2N) were added, and absorbance was immediately
measured at 450 nm using a BioTek Epoch plate reader (BioTek In-
struments, Winooski, VT, USA). Data analysis and calculations were
performed with BioTek Gen5 3.05 and Microsoft Excel 2016 software.
Results were normalized by total protein of each sample quantified by
BCA method (Thermo Fisher Scientific, Inc; Massachusetts- USA).

Table 2
Clinical data of patients during COVID-19 hospitalization.

Patient Comorbidities *Neurological
Symptoms

Sex Age Time from Covid-
19 diagnosis and
death (days)

DM HTN OB CP SMK ACL Other diseases/conditions H ANM DIS

1 M 24 15 DM;
OB

​ X ​ ​ ​ None X X ​

2 F 31 6 ​ ​ X ​ ​ ​ Intestinal and urinary tract obstruction due to tumors ​ ​ ​
3 F 69 13 X ​ ​ X ​ ​ Chronic Obstructive Lung Disease ​ ​ ​
4 M 49 30 ​ ​ X ​ X X Lung Aspergillosis Bronchitis, right leg venous insufficiency ​ ​ ​
5 F 77 24 ​ X ​ ​ ​ ​ None X ​ ​
6 M 74 13 X X ​ X X ​ Chronic kidney Disease; Previous Cerebrovascular Accident ​ ​ ​
7 F 69 12 X X X ​ X ​ Hypothyroidism, Dyslipidemia ​ ​ ​
8 F 53 26 ​ ​ ​ ​ X ​ Tracheal stenosis; Previous Myocardial infarction; Previous

Cerebrovascular Accident
​ ​ ​

9 M 65 10 X ​ ​ X ​ ​ Hypertriglyceridemia; Hypothyroidism ​ ​ ​
10 F 53 19 ​ X ​ ​ ​ ​ Hypothyroidism X X ​
11 M 74 25 X X X X ​ ​ Lung hypertension under investigation; severe sleep apnea;

Previous cerebrovascular accident with motor sequelae;
Hypothyroidism; Osteoarthritis- knee; Chronic kidney
disease

​ ​ ​

12 M 43 34 ​ ​ X ​ ​ ​ None ​ X X
13 M 78 38 ​ X X ​ ​ ​ Hypothyroidism ​ ​ ​
14 F 68 11 X X X ​ X ​ Chronic kidney Disease; Major Depressive Disorder,

dyslipidemia.
​ ​ ​

15 F 83 24 ​ ​ ​ ​ ​ ​ Alzheimer’s Disease
Hypothyroidism

​ ​ ​

16 M 73 17 ​ ​ ​ ​ ​ ​ Asthma ​ ​ ​

DM: Diabetes Mellitus; HTN: Hypertension; OB: Obesity; CP: Cardiac Pathologies: SMK: Smoking; AA: Alcoholism; H: Headache; ANM: Anosmia; DIS: Dysgeusia.
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2.3. Statistical analysis

Student’s t-test (using degree of freedom correction, since we do not
have the assumption of variance homogeneity) was used to determine
differences between groups of patients with different comorbidities or
according to the presence or absence of SARS-CoV-2 in the samples.
Non-parametric statistical analyses were performed since our data did
not follow a normal distribution, and the population variances were not
homogeneous. PearsońsPearson’s 2-tailed correlation and Simple
Regression Analysis were used to determine the degree of association
between cytokine levels, ACE-2, BDNF expression levels, and comor-
bidities. Data are expressed as mean ± SEM or median and interquartile
intervals. All statistical analyses were performed using SPSS version
16.0 (IBM, New York, USA).

3. Results

3.1. SARS-CoV-2 gene products are detectable in postmortem OF/brain
tissue samples from COVID-19 patients

The expression of the SARS-CoV-2 E and N2 genes in nervous tissue
as well as lung samples were initially determined. Not all analyzed
samples showed a positive relative expression for either E (7 patients) or
N2 (1 sample) genes (Fig. 1A–B) (Supplementary Fig. 1). While 3.94% of
the neural samples were positive for the E and N2 genes (E and N2

simultaneously - 3 patients), 43.7% of the lung samples were positive for
E and N2, indicating differences (in the same patients) between the
presence of SARS-CoV-2 genes in the lung and the brain. Noteworthy,
even in the OE/brain samples in which the viral genes were detected, the
relative gene expression for E and N2 were 2–6 times lower compared to
the relative expression found for the same genes in lung samples from
the same patients (Fig. 1C–D).

Altogether, these observations indicate that the nervous tissue is
targeted by SARS-CoV-2 in patients with severe cases of COVID-19,
although the level of infectivity in this tissue is, as expected, substan-
tially lower than in the respiratory tract.

To characterize the presence of viral proteins in nervous tissue
collected from the olfactory epithelium of patients who died due to
COVID-19, immunostaining analysis was performed, and confirmed the
presence of both TUJ-1+ neurons and GFAP+ astrocytes in the olfactory
nervous tissue samples (Fig. 1E–H). The S protein of SARS-CoV-2 was co-
localized with both TUJ-1 and GFAP markers, indicating that SARS-CoV-
2 infects both cell types in the nervous system (Fig. 1E–J).

3.2. Inflammatory signaling molecules are upregulated in postmortem
nervous tissue samples from COVID-19 patients

To address whether SARS-CoV-2 neural infection-related inflamma-
tory response led to neuro-inflammation and pathology, we assessed the
expression of the pro-inflammatory cytokine IL-6 in all nervous tissue

Fig. 1. SARS-CoV-2 in postmortem samples. SARS-CoV-2 E and N2 genes were detected in some, but not all, postmortem nervous tissue samples from COVID-19
patients. Relative expression of N2 (A- Brain/olfactory epithelium and C- Lung) and E (B- brain/olfactory epithelium and D-lung). Fold change (2̂ΔΔCT) was
normalized by the expression of β-actin. E-J:SARS-CoV-2 targets both GFAP+ astrocytes and TUJ1+ neurons in the olfactory nervous tissue. Immunohistochemistry
staining of the Spike protein of SARS-CoV-2 (green), GFAP+ cells (red), TUJ1+ cells (grey), and cell nuclei (Hoechst; blue) in postmortem nervous tissue samples
collected from the olfactory epithelium of patients who died due to COVID-19. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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samples. IL-6 levels were not significantly different between the samples
positive for E or N2 or E/N2 genes, nor samples negative for E or/and N2
genes (Fig. 2A and C). Interestingly, the magnitude of the change in the
mRNA expression of IL-6 was substantially higher in the nervous tissue
(t(15.07) = 4.3, p = 0.001, Supplementary Figs. 2A–C) compared to the
lung samples. Concerning patient’s samples positive detection of SARS-
CoV-2 viral genes E, N2 or both in the nervous tissue had decreased
levels of the IL-10 anti-inflammatory cytokine (t (Daly et al., 2020)= 2.3,
p = 0.04- Fig. 2B and D). Quantification of IL-10 mRNA revealed that the
cytokine levels in the nervous tissue exceeded the levels in the lungs for
all patients (t(15.08) = 3.3, p = 0.004, Supplementary Figs. 2D–F). In
addition to the presence of viral genetic material in situ, the results
indicate that COVID-19 strongly modulates neuro-immune responses in
the analyzed samples (postmortem brain/olfactory pathway). Simple
regression and Pearson’s correlation analysis suggested that the levels of
IL-6 in samples from OE/brain were positively correlated to the levels of
IL-10 (R2 = 0.37; F(1,14) = 7.6, p = 0; 016; r = 0.6; p = 0.02, Fig. 2C).
Therefore, the results suggest that SARS-CoV-2 induces a strong immune

modulation in the CNS samples analyzed.
The proteomic array indicated the expression of several inflamma-

tory factors such as the macrophage migration inhibitory factor (MIF)
and the pro-inflammatory cytokine IL-18 in OE/brain samples (inde-
pendently of virus presence). In the lungs, we detected intracellular
adhesion molecule-1 (ICAM-1), IL-8, MIF, and plasminogen activator
inhibitor 1 (PAI-1) (Fig. 3A–H). We also determined the mRNA levels of
IL-6 and IL-10 in lung samples (expressed individually- Fig. 3A–D).
Additionally, we detected p-mTOR, p-ERK, and NLRP3 in lung samples,
confirming the activation of inflammatory pathways (Supplementary F
ig. 3 A-C).

Taken together, the results suggest that the presence of SARS-CoV-2
in neural tissue might not be essential to explain the inflammatory
environment found in the nervous system of patients with severe cases of
COVID-19, with or without neurological complications.

Fig. 2. IL-6 and IL-10 levels detected in postmortem samples of the brain/olfactory pathway from COVID-19 patients. A-B. Expression of IL-10 and IL-6 protein levels
(ELISA). C and D-mRNA levels of IL-6 and IL-10 in the brain/olfactory pathway samples positive (N = 8) and negative (n = 8) for SARS-CoV-2 detection from patients
who died from COVID-19. C. Sample Regression analysis of IL-6 and IL-10 (mRNA) levels in the brain/olfactory pathway ( ± 95% CI). Bars represent the mean ±

SEM. * indicates difference in SARS-CoV2- negative (− ) samples.
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3.3. ACE-2 expression in the brain/olfactory pathway is associated with
the presence of neurological symptoms of COVID-19

The Angiotensin Converting Enzyme 2 (ACE-2) is the main receptor
for SARS-CoV-2 in human cells (Meinhardt et al., 2021). However, the
expression of ACE-2 in neural cells seems to be very low in comparison
with peripheral organs such as the lungs (Salamanna et al., 2020). Our
data indicate that brain/olfactory pathway samples exhibit lower levels
of ACE-2 than lung samples (t(15.1) = 2.9, p = 0.011- Fig. 4A). The
expression of ACE-2 in brain/olfactory pathway samples was not asso-
ciated with the presence of SARS-CoV-2 genome, nor correlated with the
levels of the IL-6 or IL-10 cytokines in nervous tissue or lung samples.

3.4. Comorbidities (cardiovascular disease, obesity, and hypothyroidism)
predict worse neuroinflammatory profile

Among all the samples analyzed, only 3 were from patients without
comorbidities (Table 2), which is in line with previous observations
suggesting that severe cases of COVID-19 are frequently associated with
pre-existing chronic conditions (Zhou et al., 2020). The correlation
analysis to determine the influence of these comorbidities on the neu-
roinflammatory profile of the brain/olfactory tissues showed that the
presence of those pathologies did not correlate with the variables
analyzed, neurological symptoms associated with COVID-19, levels of
cytokines, and expression of ACE-2.

Nonetheless, patients with cardiovascular disease and hypertension
had higher levels of IL-10 (Fig. 5A–C), but not IL-6 (Fig. 5D–F), than
patients with no cardiovascular pathology (t(10.9) = 3.5, p = 0.005),
especially when associated with chronic hypertension (Kruskal Wallis
followed by Dunn test, χ2 = 7,8 df = 2, p = 0.03). Simple Regression
Analysis also suggested that increased levels of IL-10, but not IL-6
(Fig. 5F), was associated with previous cardiovascular conditions (F
(Mohamadian et al., 2021; Al-Sarraj et al., 2021) = 5,2; p = 0.04)).
Additionally, Pearson’s correlation analysis also indicated a positive
association of IL-10 with the existence and severity of previous cardio-
vascular conditions (r = o.28, p = 0.02).

There was also a positive correlation between hypothyroidism with
and higher levels of IL-10 in the nervous tissue sample (correlation-r2 =

0.5542, p = 0.005; Pearson r = 0.75, p = 0.005- Supplementary Fig. 4).

3.5. Hypertension and chronic kidney condition are associated with
reduced brain levels of brain-derived neurotrophic factor in COVID-19
patients

The neuroimmune hypothesis of neuropsychiatric disorders suggests
that reduced BDNF levels are associate with mental illness, and possibly
due to increased neuroimmune modulation inducing a proinflammatory
state (Lima et al., 2019), a panorama similar to the one described in
COVID-19 patients (Vanderheiden and Klein, 2022), as supported by our
own results.

Fig. 3. Qualitative inflammatory profile in postmortem samples of COVID-19 patients (brain/olfactory pathway and lungs). Relative expression of IL-6 (A-Nervous
tissue and B-lungs) and IL-10 (C-Nervous tissue and D-lungs) of 16 patients who died due to severe COVID-19. Fold change (2̂ΔΔCT) normalized by the expression of
GAPDH. E-H. Different inflammatory factors are detected in nervous tissue and in lung samples of COVID-19 patients (- Negative for SARS-CoV2, samples 1 and 7; +
positive for SARS-CoV-2 samples 3 and 15). Dot blot analysis of brain/olfactory pathway (E, G) and lung (F, H) samples.
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Fig. 4. ACE-2 expression in the brain and lungs detected in postmortem samples of COVID-19 patients. A. Expression of ACE-2 levels in brain/olfactory
pathway and lungs measured by ELISA. B-C. Individual ACE-2 expression of 16 patients who died from COVID-19 in brain (N = 16) and lungs (N = 16), respectively.
D. ACE-2 expression of patients in which SARS-CoV-2 was undetectable (N = 8) and positive for SARS-CoV-2 (N = 8). E-F. Correlation analysis of ACE-2 and IL-10
(mRNA) in the brain/olfactory pathway (E) and lungs (F). G-H. Correlation analysis of ACE-2 and IL-6 (mRNA) in the brain/olfactory pathway (G) and lungs (H). Bars
represent mean ± SEM. Correlation graph ( ± 95% CI). * Indicates difference from lung samples (Student́s t-test).

Fig. 5. IL-6 and IL-10 levels related to cardiovascular comorbidities in postmortem samples of COVID-19 patients. A. IL-10 levels in the brain/olfactory
pathway of patients with and without cardiovascular disease. B. mRNA levels of IL-10 in the brain/olfactory pathway associated with hypertension. C. Correlation
analysis of IL-10 mRNA and cardiovascular disease. D. IL-6 mRNA in the brain/olfactory pathway of patients with and without cardiovascular disease. E. Levels of IL-
6 in the brain/olfactory pathway associated with hypertension. F. Correlation analysis of IL-6 levels and cardiovascular disease. CD – cardiovascular disease; HTN –
hypertension. HTN þ - hypertension + cardiovascular and kidney disease. A and D- N = 5 and 11 respectively; B and D- N = 5, 5, 6 respectively. Bar/Dot plots
indicate mean ± SEM. * indicates difference from no CD (A-D- Student́s t-test; B and E− one-way ANOVA followed by Duncańs posttest.
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COVID-19 patients with previous chronic kidney disease had lower
levels of BDNF when compared with patients without kidney disease (t
(Puelles et al., 2020) = 2,30, p = 0.043, Fig. 6A). In addition, the
presence of kidney disease correlated negatively with BDNF levels
(Spearman-rho R2 = − 0.44, p = 0.033), which was not seen with other
comorbidities (obesity or lung conditions-data not shown). Curiously,
COVID-19 patients with diagnosis of hypertension (without kidney
disease or other cardiac pathologies) also exhibited decreased BDNF
levels in brain samples (Kruskal Wallis, χ2 = 9.3, df = 2, p = 0.01)
(Fig. 6B). Changes in BDNF levels were not associated with the presence
of SARS-CoV-2 in brain samples, or with levels of IL-10 (Fig. 6D) or IL-6
(data not shown).

4. Discussion

The documented neurological symptoms and brain abnormalities in
SARS-CoV-2 infected individuals show that the viral infection may have
long-term effects on the nervous system. In this study we analyzed
postmortem nervous and lung tissue samples from patients who died from
COVID-19 to characterize and compare the infectivity profile of SARS-
CoV-2 in both sites, and further investigate the neuro-immune conse-
quences of the infection.

Our results show that the Spike protein of SARS-CoV-2 can be found
co-localized with TUJ-1+ neurons and GFAP + astrocytes in the olfac-
tory nervous tissue samples. However, SARS-CoV-2 genome was not
detected in all samples, but only 50% of them. A recent systematic re-
view of neuropathological studies of COVID-19 reported a similar rate of
detection of SARS-CoV-2 genome in nervous tissue specimens (41.9%
within 438 patients from 45 articles) (Cosentino et al., 2021).

Interestingly, the vast majority of these studies used postmortem
tissue samples or in vitro models, such as human brain organoids. The
research shows that SARS-CoV-2 effectively infects and replicates in

many parts of the brain, but to a lesser extent than in other tissues and
organs, such as the lungs. In this research, viral infectivity and replica-
tion were investigated using RT-qPCR to identify viral RNA (E, N2, and
NSP16) and immunofluorescence to target the viral genome and neural
markers. Most studies found similar rates of infection to those we have
shown in the present study (BECKMAN et al., 2022; SERRANO et al.,
2022; HOU et al., 2022)

The relative expression of E and N2 genes was 2–6 times higher in
lungs than in nervous tissue. Notably, although there were markedly
lower levels of ACE-2 expression in the olfactory nervous tissue when
compared to the lungs, our results suggest that the presence of SARS-
CoV-2 genome or the levels of the cytokines IL-6 or IL-10 in the brain
or lung, were not linked to the expression of ACE-2 in brain/olfactory
tissue samples. Thus, these results raise questions about whether the low
infectivity rate of the olfactory nervous tissue is sufficient to promote the
long-term brain abnormalities that have been reported.

Indeed, aside from olfactory-transmucosal transmission, SARS-CoV-
2 could gain access to the CNS through different routes, such as the
infection of perivascular compartments by blood-brain barrier crossing,
and the vagus/glossopharyngeal-mediated invasion, or by a Trojan
horse effect, within migrating leukocytes, further promoting the
neuropathological changes widely reported in the literature (Khan et al.,
2021; Pontelli et al., 2022; Emmi et al., 2023; Matschke et al., 2020).
Considering the Trojan horse effect, it is noteworthy that SARS-CoV-2
was detected in PBMCs from roughly 50% of COVID-19 patients, a
rate similar to that found in the nervous tissues (Stein et al., 2022).

Another important feature that could be related to the brain abnor-
malities found in COVID-19 patients is the SARS-CoV-2-induced pro-
inflammatory response favoring neurodegeneration. Interestingly, in the
present work, we found that all nervous tissue samples showed expres-
sion of both IL-6 and IL-10 pro-inflammatory cytokines, whereas
expression for IL-6 was markedly higher in most nervous tissue samples,

Fig. 6. BDNF levels correlates with comorbidities in postmortem samples of COVID-19 patients. A. BDNF levels of patients with and without kidney disease. B.
BDNF levels of patients with hypertension and kidney disease. C. Expression of BDNF in samples negative for SARS-CoV-2 and positive for SARS-CoV-2 who died from
COVID-19 (N = 8/group). D. Correlation analysis between IL-10 and BDNF levels. KD – kidney disease; HTN – hypertension; KD þ HTN- kidney disease + hy-
pertension. Bars represent mean ± SEM. * indicates a difference from no KD (Student́s t-test). A and C- N = 7,9 respectively; B- N = 7,5,4 respectively.
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compared to the lung specimens. Moreover, we have also found that
whereas intracellular adhesion molecule-1 (ICAM-1), IL-8, MIF, and
plasminogen activator inhibitor 1 (PAI-1) are detected in lung samples,
only MIF and IL-18 can be detected in nervous tissue samples, demon-
strating distinct inflammatory profiles in the two infection sites.

When analyzing the neuroinflammatory profile of brain/olfactory
samples, we found higher levels of IL-10 but not IL-6 in patients with
cardiovascular diseases and hypertension, compared to patients without
a medical history of cardiovascular pathology. Moreover, higher levels
of IL-10 were found in patients with hypothyroidism, whereas IL-6 was
found to be increased in patients diagnosed with obesity (Singh and Rai,
2019).

Interestingly, although IL-10 is typically characterized as an anti-
inflammatory marker, in the context of inflammatory responses trig-
gered by viral infection, it could be a key to viral persistence and the
development of viral reservoirs. Indeed, different studies report that
higher levels of IL-10 in tissues infected by different viruses are corre-
lated with an increase in viral persistence (ISLAM et al., 2021; Carlini
et al., 2023; HARPER et al., 2022). Thus, these results could indicate a
finely tuned balance between pro-inflammatory and anti-inflammatory
responses within the CNS, which may influence disease progression
and the development of long-term neurological sequelae.

A meta-analysis conducted by Zhou and colleagues (Zhou et al.,
2020) has shown that the presence of hypertension was associated with
a 3.1-fold increased risk of adverse outcomes in patients with COVID-19,
whereas cardiovascular diseases and chronic kidney diseases showed
3.13- and 3.02-times higher risks, respectively.

Besides the differential expression of IL-6 and IL-10, patients with
hypertension and chronic kidney disease display lower levels of BDNF in
brain/olfactory samples. Although changes in the BDNF levels were not
correlated with higher levels of IL-6 and IL-10, reduced expression of

neurotrophic factors is a key component in the pathogenesis of different
neurological and neuropsychiatric disorders (Schwabenland et al., 2021;
Espíndola et al., 2021).

These results suggest that the presence of comorbidities, especially
those related to increased expression of pro-inflammatory markers (e.g.,
chronic hypertension, obesity, and chronic kidney disease), is correlated
with worse neuroimmune consequences of SARS-CoV-2 infection in the
nervous tissue, and we hypothesize that this can be a predictive risk
factor for worse neurological outcomes (Oka et al., 2021).

Hence, although SARS-CoV-2 neuroinvasiveness appears to be lower
compared to the respiratory tract, our results corroborate the hypothesis
that it is sufficient to induce a pro-inflammatory state that could further
impair neural homeostasis and induce brain abnormalities found in
COVID-19 patients. Indeed, recent literature shows increased levels of
several proinflammatory cytokines in the cerebral spinal fluid of COVID-
19 patients, especially IL-6 (Moore and June 2020; Hu et al., 2021). It
has been hypothesized that the massive production of pro-inflammatory
factors could trigger a cytokine storm, further inducing the activation of
microglia and astrocytes, ultimately leading to neurodegeneration (Tay
et al., 2020; Azkur et al., 2020; Ramakrishna et al., 2023; Rai et al.,
2019).

Our results should be interpreted with caution, given that we cannot
exclude the possibility that differences between the infectivity in both
sites could be caused by clinical heterogeneity displayed by the patients
included in this study. Moreover, an inherent limitation of our study lies
in the utilization of post-mortem samples, which inherently precludes
the ability to capture real-time dynamics of neural alterations associated
with SARS-CoV-2 infection. While our findings shed light on the
neuropathological consequences of SARS-CoV-2 infection, they may not
fully encapsulate the evolving nature of neural alterations over time.
Future studies employing longitudinal assessments are warranted to

Fig. 7. Schematic representation of the results’ summary. Red arrows indicate negative (− ) modulation; Green, positive modulation (+). In brief, our findings
indicate a higher detection of viral infection in the lung tissue compared to CNS tissues. However, notable variations in the interleukin levels (IL-6 and IL-10), reveal
elevated levels in the CNS tissues as opposed to the lungs. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version
of this article.)
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elucidate the dynamic interplay between viral infection and neural
changes with greater temporal resolution. In addition, our study’s
generalizability may be limited by the relatively small sample size of 16
patients. Furthermore, whereas our findings provide valuable insights
into the neural alterations associated with SARS-CoV-2 infection in this
cohort, the small sample size inherently restricts the extent to which our
results can be extrapolated to broader populations.

It is important to recognize that while strong associations between
variables may be identified in our study, determining causality requires
rigorous consideration of various factors, including temporal sequence,
biological plausibility, multimodal analysis and the presence of con-
founding variables. We recognize that our results provide a static
snapshot of the disease pathology at a single time point, limiting our
ability to discern causal pathways or temporal relationships. Therefore,
future studies with larger and more diverse cohorts can deepen our
knowledge about the relationship between SARS-CoV-2 neuroinfection,
neuroimmune consequences, and the neurological outcomes, including
the long-lasting ones observed in COVID-19 patients.

In conclusion, our work demonstrates that SARS-CoV-2 has a rela-
tively low infectivity profile in the olfactory nervous tissue, when
compared to the lung infectivity profile, and that both sites have distinct
pro-inflammatory states. Moreover, the present work corroborates the
hypothesis that neurological and neuropsychiatric outcomes linked with
COVID-19 are determined not only by the presence or absence of viral
infection in the nervous tissues, but also by distinct neuroimmune
consequences and pro-inflammatory profiles that are dependent on pa-
tients’ comorbidities (Fig. 7).
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