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Although increasing evidence confirms neuropsychiatric manifestations associated
mainly with severe COVID-19 infection, long-term neuropsychiatric dysfunction
(recently characterized as part of “long COVID-19” syndrome) has been frequently
observed after mild infection. We show the spectrum of cerebral impact of severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) infection, ranging from long-term
alterations in mildly infected individuals (orbitofrontal cortical atrophy, neurocognitive
impairment, excessive fatigue and anxiety symptoms) to severe acute damage confirmed
in brain tissue samples extracted from the orbitofrontal region (via endonasal transeth-
moidal access) from individuals who died of COVID-19. In an independent cohort of
26 individuals who died of COVID-19, we used histopathological signs of brain dam-
age as a guide for possible SARS-CoV-2 brain infection and found that among the 5
individuals who exhibited those signs, all of them had genetic material of the virus in
the brain. Brain tissue samples from these five patients also exhibited foci of SARS-
CoV-2 infection and replication, particularly in astrocytes. Supporting the hypothesis
of astrocyte infection, neural stem cell-derived human astrocytes in vitro are susceptible
to SARS-CoV-2 infection through a noncanonical mechanism that involves
spike-NRP1 interaction. SARS-CoV-2-infected astrocytes manifested changes in
energy metabolism and in key proteins and metabolites used to fuel neurons, as well as
in the biogenesis of neurotransmitters. Moreover, human astrocyte infection elicits a
secretory phenotype that reduces neuronal viability. Our data support the model in
which SARS-CoV-2 reaches the brain, infects astrocytes, and consequently, leads to
neuronal death or dysfunction. These deregulated processes could contribute to the
structural and functional alterations seen in the brains of COVID-19 patients.

SARS-CoV-2 | COVID-19 | neurological symptoms | astrocytes | NRP1

COVID-19 is a disease caused by infection with severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2). Although the hallmark symptoms of COVID-19 are respira-
tory in nature and related to pulmonary infection, extrapulmonary effects have been
reported in COVID-19 patients (1, 2), including symptoms involving the central ner-
vous system (CNS) (3). Notably, over 30% of hospitalized COVID-19 patients manifest
neurological and even neuropsychiatric symptoms (4, 5), and some present varying
degree of encephalitis (6). There are increasing reports of persistent and prolonged effects

Significance

Neurological symptoms are among
the most prevalent of the
extrapulmonary complications of
COVID-19, affecting more than 30%
of patients. In this study, we provide
evidence that severe acute
respiratory syndrome coronavirus 2
(SARS-CoV-2) is found in the human
brain, where it infects astrocytes
and to a lesser extent, neurons. We
also show that astrocytes are
susceptible to SARS-CoV-2 infection
through a noncanonical mechanism
that involves spike-NRP1

interaction and respond to the
infection by remodeling energy
metabolism, which in turn, alters
the levels of metabolites used to
fuel neurons and support
neurotransmitter synthesis. The
altered secretory phenotype of
infected astrocytes then impairs
neuronal viability. These features
could explain the damage and
structural changes observed in the
brains of COVID-19 patients.

after acute COVID-19, a long COVID-19 syndrome characterized by persistent symp-
toms and/or delayed or long-term complications beyond 4 wk from the onset of symp-
toms. Some of these persistent symptoms are neuropsychiatric sequelae (3). One study
revealed that more than half of hospitalized patients continued to exhibit neurological
symptoms for as long as 3 mo after the acute stage (7). Impaired cognition has also been
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confirmed in recovered patients after hospitalization (8-11), and
neurological impairment is consistent with substantial damage to
the nervous system (12). Previous studies on severe acute respira-
tory syndrome (SARS) patients reported the presence of the
SARS coronavirus in the brain tissue and cerebrospinal fluid of
subjects who presented neurological symptoms (13—15). SARS-
CoV-2 RNA was also detected in the cerebrospinal fluid of
patients with meningitis (16-18). Moreover, alterations in the
cerebral cortical region compatible with viral infection (19), a
loss of white matter, and axonal injury (20) have all been
reported in COVID-19 patients.

In line with the potential neurotropic properties of SARS-
CoV-2, recent evidence indicated the presence of viral proteins
in brain regions of COVID-19 patients (21, 22) as well as in the
brains of K18-ACE2 transgenic mice (22, 23) and Syrian ham-
sters (24) infected with SARS-CoV-2. The presence of SARS-
CoV-2 in the human brain has been associated with marked
astrogliosis, microgliosis, and immune cell accumulation (21).
Further indicating the ability of SARS-CoV-2 to infect cells of
the CNS, SARS-CoV-2 has also been shown to infect human
brain organoid cells in culture (22, 25-27). Recently, SARS-
CoV-2 has been found to cross the blood—brain barrier (BBB)
in mice (28-30) and in two-dimensional static and three-dimen-
sional microfluidic in vitro models (31, 32), therefore potentially
reducing the integrity of the BBB.

Despite the accumulating evidence, an integrated understand-
ing of the cellular and molecular mechanisms involved in SARS-
CoV-2 brain infection and the consequent repercussions on brain
structure and functionality is lacking. To gain further insight
into the neuropathological and neurological consequences of
COVID-19 and possible cellular and molecular mechanisms, we
performed a broad translational investigation of living patients,
postmortem brain samples, and preclinical in vitro and ex vivo
models. Clinical data and brain imaging features of COVID-19
patients were found to be associated with neuropathological and
biochemical changes caused by SARS-CoV-2 infection in the
CNS. We found that astrocytes are the main sites of viral infec-
tion within the CNS. SARS-CoV-2-infected astrocytes exhibited
marked metabolic changes resulting in a reduction of the meta-
bolites used to fuel neurons and build neurotransmitters.
Infected astrocytes were also found to secrete unidentified factors
that lead to neuronal death. These events could contribute to
the neuropathological alterations, neuropsychiatric symptoms,
and cognitive impairment observed in COVID-19 patients.

Results

Cognitive Impairments and Neuropsychiatric Symptoms in
Convalescent COVID-19 Patients Correlate with Altered Cere-
bral Cortical Thickness. We performed a cortical surface-based
morphometry analysis (using a high-resolution 3T MRI) on 81
subjects diagnosed with mild COVID-19 infection (62 self-
reported anosmia or dysgeusia) who did not require oxygen
support (methodological details and patient demographics are
presented in ST Appendix). The analysis was performed within an
average (SD) interval of 57 (26) d after SARS-CoV-2 detection
by qRT-PCR, and the subjects were compared with 81 healthy
volunteers (without neuropsychiatric comorbidities) scanned
during the COVID-19 pandemic (balanced for age [P = 0.97]
and sex [P = 0.3]). The COVID-19 group presented higher lev-
els of anxiety and depression symptoms, fatigue, and excessive
daytime sleepiness (S Appendix, Table S1 shows epidemiological
and clinical data). An analysis of cortical thickness (adjusted for
multiple comparisons using the Holm-Bonferroni method)
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revealed areas of reduced cortical thickness exclusively in the left
hemisphere, including the left gyrus rectus (? = 0.01), superior
temporal gyrus (P = 0.036), inferior temporal sulcus (P = 0.02),
and posterior transverse collateral sulcus (P = 0.003) (Fig. 1A4).
There was no observed increase in cortical thickness.

A subgroup of 61 participants of the COVID-19 group also
underwent neuropsychological evaluation, which assessed episodic
verbal memory (logical memory subtest, immediate and delayed
recall, Wechsler Memory Scale), sustained attention (Color Trails
A), and alternating attention and cognitive flexibility (Color
Trails B). The tests were performed a median of 59 d (range
between 21 and 120 d) after diagnosis; we observed fatigue in
~70% of individuals and daytime sleepiness in 36%. Despite the
high level of education of the participant subgroup (median of
16 y), the comparisons with Brazilian normative data (z scores
were adjusted for age, sex, and education) showed that nearly
28% of participants presented impairments (z scores < —1) in
immediate episodic verbal memory (immediate recall, including
mild, moderate, and severe impairments), and ~34 and 56%
underperformed (z scores < —1) on Color Trails A (sustained
attention) and B (alternating attention and cognitive flexibility),
respectively (SI Appendix, Fig. S1 and Table S2). Interestingly,
77% of these COVID-19 patients also presented acute anosmia
or dysgeusia, which may be related to the observed changes in
cortical thickness (19). The high proportions of anosmia and dys-
geusia support the idea of the virus entering the nervous system,
more specifically the orbitofrontal region (due to the proximity
and communication with the nasal cavity).

We observed a negative correlation between BAI (Beck Anxi-
ety Inventory) scores and the cortical thickness of orbitofrontal
regions (adjusted for fatigue scores) (Fig. 1B and SI Appendix,
Table S3). We also identified a positive correlation between
immediate episodic verbal memory and cortical thickness of
regions associated with language (adjusted for fatigue scores)
(Fig. 1C and SI Appendix, Table S3). There was a likely correla-
tion between Color Trail B and the thickness of the gyrus rec-
tus after adjusting for fatigue (» = 0.2, P = 0.13). Our findings
indicate that cortical thickness atrophy is associated with neuro-
psychiatric symptoms and cognitive impairment in COVID-19
patients with mild or no respiratory symptoms.

SARS-CoV-2 Infects and Replicates in Human Brain Astrocytes
of COVID-19 Patients. Brain alterations in COVID-19 patients
are hypothesized to be a consequence of either inflammatory or
hemodynamic changes secondary to peripheral infection or a con-
sequence of SARS-CoV-2 invading the CNS and compromising
cell viability and brain function. Although exacerbated inflamma-
tion and cardiovascular dysfunction have been well characterized
in COVID-19 patients who progress to the severe stages of the
disease (33), the molecular and cellular underpinnings of SARS-
CoV-2 CNS infection remain elusive. We performed a minimally
invasive autopsy via endonasal transethmoidal access to obtain
brain samples from 26 individuals who died of COVID-19. It is
worth mentioning that these samples were from brain regions in
close proximity to the areas in which we identified altered cortical
thickness in the patients of the cohort evaluated noninvasively
by MRI.

An unbiased histopathological analysis revealed alterations
consistent with necrosis and inflammation in 5 of 26 brain tissue
samples (S/ Appendix, Tables S4 and S5). A deeper analysis of
these five samples revealed a strong predominance of senile
changes, such as corpora amylacea, lipofuscin deposits, and
parenchymal retraction around the vessels and the meninges.
Due to the type of collection performed, alternating white and
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Fig. 1. Cortical thickness atrophy after mild COVID-19 infection. Surface-based morphometry by high-resolution 3T MRI (A). Results from the analysis of 81
subjects with confirmed SARS-CoV-2 diagnosis (who had mild respiratory symptoms and did not require hospitalization or oxygen support) compared with
81 healthy volunteers (without a diagnosis of COVID-19). The analysis was performed within an average (SD) of 57.23 (25.91) d after diagnosis. (B) Correla-
tion between anxiety scores (BAI) and right orbital gyrus thickness. (C) Correlation between Color Trail B test (Z-TRAILB: z-scores were based on Brazilian
normative data) and left gyrus rectus thickness. Data depict partial correlation coefficients (adjusted for fatigue).

gray matter was observed. Intraparenchymal inflammatory pro-
cesses were minimal but present, represented by lymphocytes and
perivascular microglia proliferation. In two cases, more intense
inflammation was observed, represented by tiny inflammatory
aggregates associated with endothelial hyperplasia or gemistocytic
astrocytes. Cases with nasal epithelium sampled together with
brain puncture demonstrated adaptive epithelial changes with
cell ballooning of the most superficial cells. Moreover, small,
multifocal areas of liquefaction necrosis were observed (Fig. 24
and SI Appendix, Fig. S2A).

Hypothesizing that the histopathological signs of brain dam-
age would guide us to SARS-CoV-2 brain infection, we evalu-
ated the presence of SARS-CoV-2 in the five brain samples that
presented histopathological alterations (SI Appendix, Tables S4
and S5). SARS-CoV-2 genetic material and spike protein were
detected in all five samples (Fig. 2 Band C). On average, SARS-
CoV-2 spike protein was detected in 37% of the cells in the
brain tissue (Fig. 2D). The majority of these SARS-CoV-2
spike-positive cells (65.93%) were astrocytes (glial fibrillary
acidic protein positive [GFAP+] cells) (Fig. 2E and SI Appendix,
Fig. S2B). Considering that only 18.52% of all brain cells on
the slides were GFAP+, our results indicate that SARS-CoV-2
preferentially infects astrocytes. We also detected SARS-CoV-2
spike protein in neurons, although to a lesser extent (NeuN+
cells) (Fig. 2E and SI Appendix, Fig. S3A). We did not find signs
of infection in microglia (Iba-14 cells) (Fig. 2E and S/
Appendix, Fig. S3B). The specificity of antispike antibodies was
validated in the brain tissue of COVID-19—free cases and in
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SARS-CoV-2-infected Vero cells (S/ Appendix, Fig. S4). Addi-
tionally, the presence of SARS-CoV-2 spike protein was directly
correlated with the presence of double-stranded RNA (dsRNA)
in the cells (Fig. 2C and SI Appendix, Fig. S3C), an indicator of
replicative viruses in the brain tissue (34). The relative number
of brain cell subtypes in our samples is shown in SI Appendix,
Fig. S3D (SI Appendix).

To confirm that SARS-CoV-2 infects human brain cells, we
analyzed brain slices from human cortices that were exposed to
SARS-CoV-2. Both SARS-CoV-2 spike protein and dsRNA
were detected in human brain slices 48 h postinfection (hpi) (57
Appendix, Fig. S54), and the SARS-CoV-2 gene was detected by
RT-PCR of the nucleocapsid N1 transcript at both 24 and 48
hpi (81 Appendix, Fig. S5B). SARS-CoV-2 astrocyte infection
was confirmed by immunostaining the SARS-CoV-2 spike pro-
tein and GFAP (87 Appendix, Fig. S5C). We observed that the
majority of the spike-positive cells (comprising 5.65% of the
total cells) were positive for GFAP (58.33% of infected cells) (S7
Appendix, Fig. S5D), similar to the percentage of infected astro-
cytes observed in the five histologically altered postmortem sam-
ples. The relative number of brain cell subtypes in our samples is
shown in SI Appendix, Fig. SS5E (SI Appendix). These data
indicate that in the CNS, SARS-CoV-2 preferentially infects
astrocytes and replicates within them, in line with the human
postmortem brain findings.

To investigate proteome-level changes caused by SARS-CoV-2
infection, we conducted a liquid chromatography—mass spectrom-
etry (LC/MS) proteomic analysis with a separate set of samples
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Fig. 2. SARS-CoV-2 infects the CNS, replicates in astrocytes, and causes brain damage. (A) Histopathological H&E images of postmortem brain tissue from
individuals who died of COVID-19. Five of 26 individuals showed signs of brain damage as represented in the images by (A, /) areas of necrosis, cytopathic
damage (i.e., enlarged, hyperchromatic, atypical-appearing nuclei), (A, //) vessels with margination of leukocytes and thrombi, and (A, //l) an infiltration of
immune cells. The alterations are indicated by red asterisks and respective zoomed-in images (Lower). Images were acquired with 400x magnification. (Scale
bars: 50 pm.) (B) Viral load in brain tissues from the five COVID-19 patients who manifested histopathological alterations in the brain as compared with sam-
ples from SARS-CoV-2-negative controls (n = 5 per group). *P < 0.05 compared with the control group. (C) Representative confocal images of the brain tissue
of one COVID-19 patient who manifested histopathological alterations. Immunofluorescence targeting GFAP (red), dsRNA (magenta), SARS-CoV-2-S (green),
and nuclei (DAPI; blue). Images were acquired with 630x magnification. (Scale bars: 50 um.) (D) Percentage of SARS-CoV-2-S-positive cells in the tissue of the
five COVID-19 patients. (E) Percentage of GFAP+ vs. unidentified cells, Iba1+, and NeuN+ among all infected cells. Ten fields/cases were analyzed. (F) Cell
type enrichment analysis using the dataset generated from postmortem brain tissue from patients who died of COVID-19. Dot size represents the number
of proteins related to the respective cell type, and the color represents the P value adjusted by false discovery rate. All data are shown as mean + SEM.
P values were determined by two-tailed unpaired tests with Welch'’s correction (B) or ANOVA one way followed by Tukey’s post hoc test (E). H&E: hematoxylin

and eosin; DAPI: 4,6-diamidino-2-phenylindole.

consisting of 12 postmortem brain samples from COVID-19
patients vs. 8 SARS-CoV-2-negative controls (SI Appendix,
Tables S6 and S7). We identified 656 differentially expressed
proteins: 117 down-regulated and 539 up-regulated. Pathways
associated with neurodegenerative diseases, carbon metabolism,
and oxidative phosphorylation were enriched among the differ-
entially expressed proteins (SI Appendix, Fig. S6). Notably,
proteins expressed in astrocytes were enriched among the differ-
entially expressed proteins, consistent with the higher frequency
of infected astrocytes observed in COVID-19 postmortem brains
(Fig. 2F).

To gather further evidence of the susceptibility of human astro-
cytes to SARS-CoV-2 infection, neural stem cell-derived human
astrocytes (BR-1 cell line) (35) were exposed to the virus, and the
viral load was determined at 24 hpi (Fig. 34). Confirming what

was seen in the postmortem brain samples, viral genetic material

4 0of 12 https://doi.org/10.1073/pnas.2200960119

(Fig. 3B), dsRNA, and spike protein (Fig. 3 C and D) were
detected in infected cells with significant overlap (Fig. 3 C and
E). SARS-CoV-2 infection reduces cell viability by over 25% at
72 hpi (Fig. 3F). To confirm the ability of SARS-CoV-2 to infect
human astrocytes, we used a replication-competent eGFP
reporter—pseudotyped vesicular stomatitis virus (VSV) in which
the glycoprotein gene (G) of VSV was replaced by the full-length
SARS-CoV-2 spike (S; VSV-eGFP-SARS-CoV-2) (36). The
human astrocyte culture was also infected by VSV-eGFP-SARS-
CoV-2 (Fig. 3 G and H). Altogether, these results provide strong
evidence that human astrocytes are permissive to SARS-CoV-2
infection and also represent a site for viral replication in the CNS.

NRP1 Is Required for Infection of Astrocytes by SARS-CoV-2.

Since astrocytes are susceptible to SARS-CoV-2 infection, we
searched for the receptor permitting viral entry. To do so, we
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Fig. 3. SARS-CoV-2 infects and replicates in astrocytes in vitro. (A) Human neural stem cell-derived astrocytes were infected in vitro with SARS-CoV-2 (MOI
1.0) for 1 h, washed, and harvested 24 h after infection. (B) SARS-CoV-2 viral load detection in astrocyte cell pellets (n = 6 replicates) using RT-PCR. (C) Immu-
nostaining for GFAP (red), ds RNA (magenta), SARS-CoV-2-S (green), and nuclei (DAPI; blue). Images were acquired at 630x magnification. (Scale bars: 50 pm.)
(D) Percentage of infected astrocytes. The data depict SARS-CoV-2-S and DAPI-stained cells (100 fields were analyzed). (E) Frequency of cells containing repli-
cating viruses. (F) Astrocyte viability upon SARS-CoV-2 infection was assessed using a luminescence-based cell viability assay (CellTiter-Glo), determining the
number of live cells by quantification of ATP at 24, 48, and 72 hpi. (G) Percentage of infected cells with pseudotyped SARS-CoV-2 (VSV-eGFP-SARS-CoV-2) at
24, 48, and 72 hpi. (H) Staining for DAPI (nuclei; blue), GFAP (astrocytes; red), and eGFP (virus; green) in astrocytes infected with pseudotyped SARS-CoV-2
(VSV-eGFP-SARS-CoV-2) at 24, 48, and 72 hpi. The data represent the percentage of dsRNA-stained cells of SARS-CoV-2-S-positive cells (10 fields were ana-
lyzed). All data are representative of at least two independent experiments performed in triplicate or quadruplicate and shown as mean + SEM. P values
were determined by two-tailed unpaired tests with Welch's correction (E) or one-way ANOVA followed by Tukey's post hoc test (F and G). *indicate statistical
significance. **P < 0.01 compared with the mock group; ***P < 0.001 compared with the mock group; ****pP < 0.0001 compared with the mock group. ATP:
adenosine triphosphate; MOI: multiplicity of infection; ns: not significant; DAPI: 4,6-diamidino-2-phenylindole.
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started by using a publicly available, single-nucleus RNA-sequenc-
ing (snRNA-seq) dataset from brain samples of patients with
COVID-19 (37) to analyze the mRNA expression of the classical
SARS-CoV-2 receptor ACE2 as well as the alternative receptors
NRP1 and BSG (38-40). These analyses revealed that ACE2
mRNA was undetected in astrocytes (21, 37); however, astrocytes
did express detectable levels of VRPI and BSG mRNA (Fig. 4 A
and B). We also found that the levels of expression and percentage
of astrocytes expressing NRPI and BSG mRNA were increased in
astrocytes from COVID-19 patients compared with controls (Fig.
4 A and B). Since the binding of SARS-CoV-2 spike to BSG
remains controversial (41), we decided to explore the possible role
of NRP1. First, we performed western blotting using cultured
neural stem cell-derived astrocyte extracts to evaluate if the data
from snRNA-seq matched proteome-level data from our in vitro
model with ACE2-transduced A549 cells as the positive control.
The human astrocytes used in this study did not express ACE2,
whereas they did express NRP1 (Fig. 4 C-F and SI Appendix,
Fig. 7).
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To determine whether NRP1 was the receptor permitting
SARS-CoV-2 infection in astrocytes, we preincubated these cells
with a neutralizing anti-NRP1 antibody. Neutralization of NRP1
inhibited the infection of cultured astrocytes by SARS-CoV-2
(Fig. 4D) as well as the infection of cultured astrocytes by VSV-
eGFP-SARS-CoV-2 (Fig. 4 E and F). These results confirm that
SARS-CoV-2 infects human astrocytes via the NRP1 receptor.

Proteomic and Metabolomic Changes in SARS-CoV-2-Infected
Human Astrocytes. To identify pathways triggered by SARS-
CoV-2 infection and as such, possibly involved in the changes
observed in the brain tissues of COVID-19 patients, we analyzed
the proteome of SARS-CoV-2-infected human astrocytes. LC/
MS-based shotgun proteomics revealed 170 differentially
expressed proteins in SARS-CoV-2-infected astrocytes compared
with mock controls, 68 being up-regulated and 102 down-
regulated (S7 Appendix, Fig. S8A)—a subset of which was suffi-
clent to compose a molecular signature to clearly distinguish

infected astrocytes from mock controls (S Appendix, Fig. S8 B).
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Fig. 4. SARS-CoV-2 infects astrocytes via NRP1. (A) Percentage of astrocytes expressing entry receptor genes in COVID-19 patients compared with astrocytes
from noninfected controls. (B) BSG and NRP1 are differentially expressed in astrocytes from COVID-19 patients compared with astrocytes from noninfected
controls. The x axis shows the average expression difference (scaled) between COVID-19 patients and noninfected controls. (C) Immunoblot analyses of
ACE2 and NRP1 using an extract of noninfected neural stem cell-derived astrocytes. Beta-actin was used as the loading control. To control for ACE2 expres-
sion, we used A549 cells and A549 cells overexpressing ACE2. (D) Neural stem cell-derived astrocytes were preincubated with an NRP1-neutralizing antibody
and then harvested 24 hpi to measure the SARS-CoV-2 viral load. (E) Astrocytes were stained for DAPI (nuclei; blue), GFAP (astrocytes; red), and eGFP (virus;
green). Cells were preincubated with the NRP1-neutralizing antibody and then assessed 48 hpi with the SARS-CoV-2 pseudotyped virus (VSV-eGFP-SARS-CoV-2).
(Scale bars: 50 pm.) (F) Percentage of infected cells. Images were acquired at 630x magnification. All data are representative of at least two independent
experiments performed in triplicate and shown as mean + SEM. P values were determined by one-way ANOVA followed by Tukey's post hoc test (D and F).
**P < 0.01 compared with the mock group; ***P < 0.001 compared with the mock group; ****P < 0.0001 compared with the mock group. DAPI: 4,6-diami-
dino-2-phenylindole; ns: non significant.
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Using these altered proteins, pathway enrichment and interac-
tome analyses predicted a wide range of biological processes and
regulatory networks affected by SARS-CoV-2 infection (Fig. 5A4).
Pathways involved in carbon/glucose metabolism were among the
most enriched (Fig. 5B). More specifically, proteins found differ-
entially expressed in SARS-CoV-2-infected astrocytes and in
COVID-19 postmortem brain tissue samples belonged to glycoly-
sis/gluconeogenesis, carbon metabolism, and the pentose phos-
phate pathway (Fig. 5C). Collectively, these data reinforce that
SARS-CoV-2 infects astrocytes in the CNS, possibly affecting
energy metabolism pathways and modulating proteins associated
with neurodegeneration.

Since there are significant proteomic alterations in metabolic
pathways, we sought to investigate if the infection of human astro-
cytes impacts the levels of key metabolites involved in energy metab-
olism. LC/MS-based metabolomic analysis of SARS-CoV-2-infected
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astrocytes showed pronounced changes in metabolic intermediates
of glycolysis and anaplerotic reactions, indicating alterations in the
pathways of astrocyte metabolism (S Appendix, Fig. S9A). This
phenomenon was marked by a decrease in pyruvate and lactate,
which are downstream metabolites of the glycolytic pathway, as
well as a reduction in glutamine and intermediates of glutamine
metabolism, such as glutamate, GABA, and alpha-ketoglutarate
(S Appendix, Fig. S9A). Despite these alterations, there were no
significant changes in tricarboxylic acid cycle (TCA cycle) inter-
mediates (S7 Appendix, Fig. S9B). Considering the reduction of lac-
tate levels in SARS-CoV-2—infected astrocytes, we evaluated the
expression of monocarboxylate transporter (MCT); both MCTI
and MCT2 levels were reduced in SARS-CoV-2~infected astrocytes
when compared with the mock control (SI Appendix, Fig. S9O).
SARS-CoV-2-infected astrocyte bioenergetics were further charac-
terized by Seahorse Extracellular Flux analysis, showing increased
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Fig. 5. Proteomic changes in SARS-CoV-2-infected human astrocytes and postmortem brain tissue from COVID-19 patients. (4) Reactome functional interaction net-
work of differentially regulated genes in human neural stem cell-derived astrocytes infected with SARS-CoV-2. Seven protein clusters as indicated by the color of
enriched pathways; the line types represent protein-protein interactions and downstream activation or inhibition related to gene modulation, showing how
some pathways can be affected by SARS-CoV-2 infection (P < 0.05 calculated based on binomial test). (B) Network of proteins found differentially regulated in
SARS-COV-2-infected astrocytes and their respective pathways, enriched according to the KEGG (Kyoto Encyclopedia of Genes and Genomes) database. The
pathways are represented by gray circles, and their size is proportional to the number of proteins differentially regulated; proteins are represented by the col-
ored circles, which are colored according to their fold change. (C) KEGG enrichment analysis of differentially expressed proteins in SARS-CoV-2-infected astro-
cytes vs. mock as compared with postmortem brain tissue from COVID-19 patients vs. controls. Dot size represents the number of proteins related to the
respective cell type, and the color represents the P value adjusted by false discovery rate. ROBO: Roundabout protein family.
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Fig. 6. Medium conditioned by SARS-CoV-2-infected astrocytes reduces neuronal viability. (A) Human NSC-derived neurons and SH-SY5Y neuronal cells
were cultured for 24 h in the presence of medium conditioned by uninfected astrocytes (mock infection; ACM CTL) or SARS-CoV-2-infected astrocytes (ACM
CoV-2). (B) Cellular viability as measured by apotracker/fixable viability stain (FVS) and analyzed by flow cytometry. Representative gating strategies are
shown. (C) Representative dot plots of neuronal viability. Percentage of living or nonliving (D) NSC-derived neurons and (E) SH-SY5Y cells. Cells were classified
as living (gray bars; double negative), in early apoptosis (purple bars; apotracker+/FVS—), in late apoptosis (pink bars; double positive), or necrotic (green
bars; apotracker—/FVS+). (F) Differentiated SH-SY5Y cells were cultured for 24 h in the presence of medium conditioned by SARS-CoV-2-infected astrocytes
(ACM CoV-2) or uninfected astrocytes (ACM CTL). The viability of SH-SY5Y cells was assessed using an ATP (adenosine triphosphate) -quantifying, lumines-
cence-based cell viability assay (CellTiter-Glo) at 24 h postinfection. P values were determined by one-way ANOVA followed by Tukey's post hoc test.
**P < 0.01 compared with the mock group; ***P < 0.001 compared with the mock group; ****P < 0.0001 compared with the mock group. ATP: adenosine
triphosphate; SSC-A: Side scatter area; FSC-H: Forward scatter height; FSC-A: Forward scatter area.

respiration in infected cells (S Appendix, Fig. S9D). This was due
to an increase in both mitochondrial (maximal respiration) and
nonmitochondrial oxygen consumption; the former was linked to
higher proton leak, indicating increased uncoupled respiration (S/
Appendix, Fig. S9 D and E). Together, these results demonstrate
increased oxidative metabolism in SARS-CoV-2~infected astrocytes
and a reduction of the levels of metabolites produced by these cells to
support neuronal metabolism and function (S Appendix, Fig. SOF).

Conditioned Medium from SARS-CoV-2-Infected Astrocytes
Reduces Neuronal Viability. Astrocytes are essential to brain
homeostasis not only because they are the main energy reservoirs

8 of 12  https://doi.org/10.1073/pnas.2200960119

of the brain (42) but also, due to their important role in protec-
tive responses to cell damage triggered by infection or sterile
inflammation (43, 44). There is evidence that astrocytes may
secrete yet undetermined neurotoxic factors (43—45) and are also
involved in the uptake, synthesis, and distribution of brain
metabolites (46, 47). Thus, we investigated if neuronal viability
could be affected by exposure to media conditioned by SARS-
CoV-2—infected astrocytes. To test this hypothesis, we cultured
NSC-derived neurons or differentiated SH-SY5Y neurons for
24 h in a control or conditioned medium in which SARS-
CoV-2—infected astrocytes were grown (Fig. 64). The condi-
tioned medium increased the rates of apoptosis by 45.5 and
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22.7% in NSC-derived neurons and SH-SY5Y neurons, respec-
tively (Fig. 6 B—E and SI Appendix, Fig. S10 A and B). The pos-
sibility of neuronal infection was ruled out as viral RNA was not
detected in either cell type after exposure to the conditioned
medium (87 Appendix, Fig. S10 E and F), and direct exposure
to SARS-CoV-2 did not reduce the viability of NSC-derived
neurons or SH-SY5Y neurons after 24 (Fig. 6 D and E), 48, or
72 h (SI Appendix, Fig. S10 Cand D). These results suggest that
SARS-CoV-2-infected astrocytes release soluble factors, which
reduce neuronal viability.

Discussion

Our study demonstrates structural and functional alterations in
the brain tissue of COVID-19 patients, which parallel in vivo
findings of cortical atrophy, neuropsychiatric symptoms, and
cognitive dysfunctions. A recent longitudinal study with 401
individuals (median age of 62 y, infected between March 2020
and April 2021, scanned pre- and postinfection) reported atro-
phy in the orbitofrontal and parahippocampal regions and cog-
nitive impairment (determined by Color Trail tests) (48). The
patients we analyzed were infected between March and July
2020 (and therefore, were most likely infected with the original
SARS-CoV-2 strain), and we also observed atrophy in the orbi-
tofrontal area and cognitive dysfunction (longer time to perform
Color Trail tests and poorer verbal memory task performance).
Interestingly, patients with only mild COVID-19 also exhibited
cortical atrophy in the superior temporal gyrus, which was previ-
ously described in a group of patients with severe SARS-CoV-2
infection (49). We also observed that higher levels of anxiety
symptoms cotrelated with atrophy of the orbitofrontal cortex, a
region previously linked with anxiety disorders (50). Our results
suggest that anxiety and depression symptoms are at least par-
tially associated with SARS-CoV-2 infection, a hypothesis sup-
ported by a recently discovered association between anxiety and
reactive astrogliosis in patients after COVID-19 (51).

This study and other reports showing alterations in brain
structure and the manifestation of neurological symptoms in
COVID-19 patients (52-54) raise a debate on whether these
clinical features are a consequence of peripheral changes or
rather, viral invasion of the CNS. Both hypotheses are possible
as we detected histopathological alterations associated with
SARS-CoV-2 presence in brain tissue collected from 5 deceased
patients, while 21 individuals who died of COVID-19 did not
show any brain tissue alterations. However, as the sampling
region was small, the possibility remains that other brain regions
may exhibit COVID-19-related histopathological alterations.
Indeed, the limited number of individuals who exhibited brain
alterations associated with CNS SARS-CoV-2 detection and the
imprecise and heterogenic nature of postmortem sample collec-
tion across studies may explain the discussion regarding the
potential correlations between neuroinvasion and COVID-19
symptoms (22, 25-27, 55, 56). Although some studies failed to
detect the virus in the CNS (57), others have found viral par-
ticles in the brain (21) localized to the microvasculature and
neurons (22), the choroid plexus (58), or meninges (59). In vitro
models, such as stem cell-derived neural cells and cerebral orga-
noids, have also demonstrated that SARS-CoV-2 potentially
infects brain cells (22, 25-27, 55). However, the magnitude of
the CNS infection, its distribution within the brain tissue, and
the molecular and cellular bases underlying the phenomenon had
not been thoroughly explored. Here, we show that astrocytes are
the main site of infection—and possibly, replication—of SARS-

CoV-2 in the brains of COVID-19 patients as evidenced by the

PNAS 2022 Vol.119 No.35 2200960119

detection of the viral genome, the SARS-CoV-2 spike protein,
and dsRNA in postmortem brain tissue, ex vivo brain slices, and
in vitro infected astrocytes. These findings corroborate other
studies that showed that astrocytes from primary human cortical
tissue and stem cell-derived cortical organoids are susceptible to
SARS-CoV-2 infection (22, 55, 60).

Recently, Meinhardt et al. (61) described that SARS-CoV-2
could access the CNS through the neural-mucosal interface in
olfactory mucosa, thereby entering the primary respiratory and
cardiovascular control centers in the medulla oblongata. Other
proposed routes of SARS-CoV-2 neuroinvasion include brain
endothelial cells (28-30, 32, 61, 62). In addition to the inflam-
matory response produced by SARS-CoV-2 infection, endothe-
lial cell infection could also cause dysfunctions in BBB integrity
and facilitate further access of the virus to the brain (28-30,
32, 61, 62). Despite the advances that have already been made,
there is still much left to be learned about the routes that
SARS-CoV-2 can take to invade the brain and how the virus
navigates across different brain regions.

While ACE2 is the best-characterized cellular receptor for
SARS-CoV-2 to enter cells via interaction with the viral spike
protein, other receptors have also been identified as mediators of
infection (63). According to our data and others (21), astrocytes
do not express ACE2; rather, they exhibit elevated expression of
NRP1, another SARS-CoV-2 spike target that is abundantly
expressed in the CNS, particularly in astrocytes (Fig. 5C)
(38, 39, 64). When NRP1 is blocked with neutralizing antibod-
ies, SARS-CoV-2 infection in these cells is greatly reduced.
These results indicate that SARS-CoV-2 infects in vitro astro-
cytes via the NRP1 receptor, although this has yet to be con-
firmed in vivo.

To understand the consequences of SARS-CoV-2 infection
in NSC-derived astrocytes, we searched for changes in the pro-
teome in a nonhypothesis-driven fashion. SARS-CoV-2 infec-
tion resulted in marked proteomic changes in several biological
processes, including those associated with energy metabolism,
in line with previous reports on other cell types infected with
SARS-CoV-2 (65-67). Noteworthily, differentially expressed
proteins in COVID-19 postmortem brains were enriched for
astrocytic proteins more than oligodendrocytes, neurons, or
Schwann cells, strengthening our findings that these are the
most affected cells by SARS-CoV-2 infection in the human
brain. Our proteomic data also evidenced changes in the com-
ponents of carbon metabolism pathways, particularly glucose
metabolism, in both in vitro infected astrocytes and postmor-
tem brain tissue from COVID-19 patients.

Since astrocyte metabolism is key to support neuronal func-
tion, changes in astrocyte metabolism could indirectly impact
neurons. We found that one of the most critical alterations
caused by SARS-CoV-2 infection in astrocytes was a decrease in
pyruvate and lactate levels. Lactate exportation is one of the
ways that astrocytes support neurons metabolically (63), shut-
tling this carbon source through the astrocyte—neuron lactate
shuttle (ANLS) mechanism. In the ANLS, neuronal activity also
enhances glutamate uptake by astrocytes (68). Lactate itself is
essential for the support of neuronal activity and cerebral functions,
acting as a neuroprotective agent as well as a key signal to regulate
blood flow (69). These metabolic changes, particularly the reduc-
tions in lactate and pyruvate associated with decreases in MCTI
and MCT2 expression in SARS-CoV-2-infected astrocytes, sup-
port the hypothesis of ANLS disruption. Moreover, intermediates
of glutamine metabolism, such as glutamate and GABA, were also
decreased in SARS-CoV-2-infected astrocytes. This said, there

were no significant changes in any core intermediates of the TCA
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cycle. Together with an increased oxygen consumption rate of
SARS-CoV-2—infected astrocytes, these results suggest that glycoly-
sis and glutaminolysis are being used to fuel carbons into the TCA
cycle to sustain the increased oxidative metabolism of infected
astrocytes. Recently, de Oliveira et al. (24) showed that glutamine
levels were also found reduced in mixed glial cells infected with
SARS-CoV-2 and that the inhibition of glutaminolysis decreased
viral replication and proinflammatory response, further reinforcing
that glutamine could be used to fuel the TCA cycle in infected
astrocytes.

While astrocyte-derived lactate is required for neuronal metabo-
lism (47, 70), as previously mentioned, glutamine is used in the
synthesis of neurotransmitters, such as glutamate and GABA (71).
Astrocytes also play a vital role in glutamate-level homeostasis (72,
73) and neurotransmitter recycling, crucial processes for the main-
tenance of synaptic transmission and neuronal excitability. At
glutamatergic synapses, glutamate uptake by astroglia prevents
excitotoxicity (74), whereupon glutamine synthetase converts glu-
tamate to glutamine, which can then be transferred back to
neurons, thus closing the glutamate-glutamine cycle (75). At
GABAergic synapses, GABA is taken up by astrocytes and first
metabolized to glutamate before being converted to glutamine
(76). Given the importance of the metabolic coupling between
astrocytes and neurons, alterations in astrocytic glucose and gluta-
mine metabolism are expected to compromise neuronal metabo-
lism and plasticity and synaptic function (77). By 18F-FDG PET
analysis, Guedj et al. (78) reported hypometabolism in four differ-
ent clusters of brain regions in patients suffering from long
COVID-19, including the bilateral rectal/orbital gyrus and the
olfactory gyrus (78). As key regulators of CNS metabolism, altera-
tions in astrocyte metabolism contribute to the 18F-FDG PET
signal (79-81). Therefore, dysfunctions in astrocyte energy metab-
olism, like those observed here, could explain, at least partially, the
brain hypometabolism in COVID-19 patients (78, 82-85).

In addition to the metabolic changes observed in SARS-CoV-2—
infected astrocytes that may lead to neuronal dysfunction, we
found that SARS-CoV-2 infection elicits a neurotoxic secretory
phenotype in astrocytes that results in increased neuronal death. A
similar phenomenon has been observed when astrocytes are acti-
vated by inflammatory factors (43, 86, 87). The alterations in cor-
tical thickness we observed in COVID-19 patients could be
explained by this neuronal death, at least partially, as well as by
other mechanisms, including reactive astrogliosis and alterations in
astrocyte specification and morphogenesis, as previously described
in Alzheimer’s disease, autism, and schizophrenia (88-90), as well
as epilepsy, autism, and self-injury (91-94). Matschke et al. (21)
reported astrogliosis in 86% of individuals who died following a
diagnosis of SARS-CoV-2 infection. In agreement, snRNA-seq
data show that the main markers of reactive astrocytes (95) are
enriched in samples from the medial frontal cortex of patients with
COVID-19 compared with noninfected patients, supporting the
hypothesis that reactive astrogliosis is a feature of COVID-19 (87
Appendix, Fig. S11). Astrocytes are also relevant in the regulation
of synapses (and neural networks) and have been linked to the
manifestation of depression (96), anxiety symptoms (97), and
memory impairment (98), all of which have been observed in our
post-COVID infection cohort.

In summary, our findings are consistent with a model in
which SARS-CoV-2 is able to reach the CNS of COVID-19

patients, infect astrocytes via NRP1 interaction, and secondarily

1. X.Yang etal, Clinical course and outcomes of critically ill patients with SARS-CoV-2 pneumonia in Wuhan,
China: A single-centered, retrospective, observational study. Lancet Respir. Med. 8, 475-481(2020).

2. A Gupta etal., Extrapulmonary manifestations of COVID-19. Nat. Med. 26, 10171032 (2020).

3. A Nalbandian et al., Post-acute COVID-19 syndrome. Nat. Med. 27, 601-615 (2021).
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impair neuronal function and viability. These changes may
contribute to the alterations of brain structure observed here
and elsewhere, thereby resulting in the neurocognitive and neu-
ropsychiatric dysfunctions manifested by some patients with
COVID-19. Our study comes as a cautionary note that mecha-
nisms of neuroinvasion in fatal COVID-19 could also be oper-
ative in mild COVID-19. However, it is important to note
that the study was limited in that neuroimaging and cognitive
testing were obtained from a different cohort than fatal
COVID-19, in which only a minority of individuals showed
evidence of astrocytic invasion. Nonetheless, interventions
directed to treat COVID-19 should also envision ways to pre-
vent SARS-CoV-2 invasion of the CNS and/or replication in
astrocytes.

Materials and Methods

The neuropsychological evaluations and neuroimaging analyses were approved
by the Research Ethics Committee of the University of Campinas (CAAE no.
31556920.0.0000.5404), and all subjects signed a consent form to participate.
The autopsy studies were approved by the National Commission for Research
Ethics (CAAE nos. 32475220.5.0000.5440 and 38071420.0.1001.5404). Full
details involving the brain imaging and neuropsychological evaluation; postmor-
tem brain samples from COVID-19; human brain slice cultures; generation of
human astrocytes (hES derived); in vitro infection; metabolomic, proteomic,
gene expression, viral load, flow cytometry, and bioenergetics assays; and immu-
nostaining details are provided in S/ Appendix, Materials and Methods.

Data, Materials, and Software Availability. Mass spectrometry proteomic
data have been deposited in the ProteomeXchange Consortium via the PRIDE
(43) partner repository (accession no. PXD023781) (99). All other data are
included in the article and/or SI Appendix.
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