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ABSTRACT: SARS-coronavirus 2 (SARS-CoV-2) that caused the
coronavirus disease 2019 (COVID-19) pandemic has posed to be
a global challenge. An increasing number of neurological
symptoms have been linked to the COVID-19 disease, but the
underlying mechanisms of such symptoms and which patients
could be at risk are not yet established. The suggested key receptor
for host cell entry is angiotensin | converting enzyme 2 (ACE2).
Previous studies on limited tissue material have shown no or low
protein expression of ACE2 in the normal brain. Here, we used
stringently validated antibodies and immunohistochemistry to
examine the protein expression of ACE2 in all major regions of the
normal brain. The expression pattern was compared with the
COVID-19-a ected brain of patients with a varying degree of
neurological symptoms. In the normal brain, the expression was restricted to the choroid plexus and ependymal cells with no
expression in any other brain cell types. Interestingly, in the COVID-19-a ected brain, an upregulation of ACE2 was observed in
endothelial cells of certain patients, most prominently in the white matter and with the highest expression observed in the patient
with the most severe neurological symptoms. The data shows di erential expression of ACE2 in the diseased brain and highlights the
need to further study the role of endothelial cells in COVID-19 disease in relation to neurological symptoms.
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I INTRODUCTION wide analysis of normal healthy tissues, ACE2 was not detected

The COVID-19 pandemic caused by SARS-coronavirus 2 in the brain, but as the analysis of protein expression was based
(SARS-CoV-2) has caused a major global challenge on on tissue microarrays (TMAs) and a I|_m|ted selection of
healthcare as well as society. Evidence of neurological e ects samples, it is possible that a rare expression may have been
caused by the SARS-CoV-2 virus has been well established,* missed. © Recently, a collection of available datasets at the
which lead to, for example, encephalopathy,®® meningoence- mRNA level™ proposed relat_lvely high I_evels of ACE2 in the
phalitis,” dem‘yelinationg ischemic stroke® and brain hemor- choroid plexus and paraventricular nuclei of the thalamus, but
rhage.7"9 Not all patien,ts with neurologic’aI symptoms end up these_ findings have u_ntll date not been conflrr_ned at the
in intensive care units, but due to the scale of the pandemic, prort]em_level. fNXCFgV'OUS stultljy has perf(_)rmedflrﬂmunohls-l
these e ects may still have a significant impact on both the tochemistry o across all major regions of the norma

individual and society as the symptoms may be long-lasting hpm_an _bram. Furthe_rmore, no study has IO(_)kec_i at the
The underlying mechanisms for di erent neurological e ecté distribution of ACE2 in COVID-19-a ected brain tissue and
. compared the level of ACE2 expression with neurological
are largely unknown, but theO have been suggested to involve symptoms
Ot o e S amconin meannaln iy e prsent investigion e prormed a singen
severe sys’temic disease. immunohistochemical analysis to study the protein expression
One of the key proteins involved in SARS-CoV-2 host cell : -
entry is the angiotensin | converting enzyme 2 (ACE2) Received:  April 11, 2022
receptor. While older studies suggested that the protein Published: July 28, 2022
expression of ACE2 is relatively ubiquitous, more recent data
utilizing stringent strategies for validation and, in particular,
immunohistochemistry have shown that the expression of
ACE2 is more restricted than previously thought.** In a body-
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of ACE2 both in the normal human brain and in clinical
samples from COVID-19 patients with various degrees of
neurological symptoms. The protein expression patterns in the
normal brain were also compared with data at the tran-
scriptomic level.

I MATERIALS AND METHODS

Patients and Tissue Sample Preparation

Normal human brain and non-COVID-19-a ected malignant
glioma tissue samples for analysis of protein expression as well
as the HPA tissue samples for analysis of mMRNA expression
were collected and handled in accordance with Swedish laws
and regulations. The tissues were obtained from the Clinical
Pathology department of Uppsala University Hospital, Sweden,
and collected within the Uppsala Biobank organization. All
samples were anonymized for personal identity by following
the approval and advisory report from the Uppsala Ethical
Review Board (ref nos. 2002-577, 2005-388, 2007-159, and
2011-473). The RNA extraction and RNA-seq procedure have
been described previously.**

Postmortem COVID-19-a ected brain tissue samples from
three patients (Patient 1—3) and one surgical sample from a
patient who underwent surgery for glioblastoma (Patient 4)
were collected as part of a study approved by the National
Ethical Review Authority (nos. 2020-01883 and 2020-02745)
(Table S1). Informed consent was obtained from the patient
undergoing tumor resection. The Declaration of Helsinki and
its subsequent revisions were followed. All three patients were
graded based on the Glasgow Coma Scale (GCS) ranging from
1 to 15 where GCS < 3 means no response, GCS < 8 means
coma, and GCS = 15 corresponds to fully awake. The GCS was
measured daily, and the values indicate the worst measure-
ments. Both Patient 1 and 2 had severe brain injury with the
worst GCS scores of 3 and 6, respectively, while Patient 3 had
mild brain injury (worst GCS = 14). Based on histology
(pathological examination of hematoxylin and eosin-stained
sections), Patient 1—3 showed congestion (passive hyperemia)
but none of the four patients had any signs of inflammatory cell
infiltration, bleeding, infarction, or demyelination in any of the
specimens. Patient 1 had signs of pronounced muscular
weakness with the loss of tendon reflexes and was unconscious
within one day after admission with EEG confirming status
epilepticus. A CT scan of the brain revealed no new structural
abnormalities, and a lumbar puncture showed no pleocytosis.
The histology showed hypoxic cell damage in spread neurons
found in the cerebral cortex, hippocampus, cerebellum, and
pons. Patient 2 had a negative COVID-19 PCR test, but CT of
the chest revealed bilateral pleural e usions and areas of
ground-glass opacity with crazy paving patterns consistent with
COVID-19 disease as confirmed by two independent
radiologists. No additional COVID-19 diagnostic tests were
performed since the patient was admitted in the beginning of
the pandemic when clinical routines were not yet established.
The patient deteriorated gradually in respiratory function. No
focal neurological deficit was noted, and the CT of the brain
showed only general cortical atrophy and unspecific white
matter changes with no COVID-19-related findings; for
example, there was no reduction in gray matter thickness.
Lumbar puncture revealed no pleocytosis. The histology
showed neuropathological changes associated with Alzheimer’s
disease but no other histopathological findings. Patient 3 had
poor respiratory function, and no imaging of the brain was
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performed. The histology showed moderate Alzheimer neuro-
pathological changes as well as advanced synucleinopathy with
the presence of Lewy bodies in neurons of the cerebral cortex
and substantia nigra. As a control, we also stained a surgical
sample of the brain from a COVID-19 patient that was
admitted for resection of suspected glioma and tested positive
upon admission (Patient 4). The patient did not experience
any neurological symptoms (worst GCS = 15). CT and MRI
showed an intraaxial tumor and unspecific subcortical white
matter changes. Postoperative MRI showed expected findings
without any signs of COVID-19-related manifestations.
Histologically, the tumor was graded as glioblastoma WHO
grade 1V with a sparse amount of surrounding non-neoplastic
brain white matter.

Analysis of Transcriptomics Data

RNA expression data from HPA,** GTEx,*® and FANTOM5*
as well as the normalized RNA expression dataset were
retrieved from the HPA database (https://v20.proteinatlas.
org). Consensus transcript expression levels were obtained
through a normalization pipeline as described previously.” For
transcriptomic analysis in single cells, single nuclei Drop-seq
(snDrop-seq) data (UMI count matrix) were downloaded for
the cerebellar hemisphere and frontal cortex from the Gene
Expression Omnibus (GEO) (https://www.ncbi.nim.nih.gov/
geo) database under series no. GSE97930.*® Data analysis was
performed using Seurat v 4.0 (https://satijalab.org/seurat/)*
in R (CRAN). The analysis workflow, including the normal-
ization, scaling, and clustering steps, has been previously
described in Hikmet et al.*? Briefly, nuclei with <500 genes
expressed were removed, and clustering was based on the 5000
mostly variable genes. Well-known marker genes were used to
assign the cluster identity manually.

Immunohistochemistry

For immunohistochemical analysis, formalin-fixed, para n-
embedded (FFPE) tissue blocks of both normal and COVID-
19-a ected brain samples were sectioned, stained, and digitized
essentially as previously described.? Some of the normal brain
samples as well as the malignant glioma samples were first
assembled into tissue microarrays (TMASs) (Table S1). Para n
blocks were cut in 4 m sections using a waterfall microtome
(Microm H355S, Thermo Fisher Scientific, Freemont, CA),
placed on SuperFrost Plus slides (Thermo Fisher Scientific,
Freemont, CA), dried overnight at room temperature (RT),
and then baked at 50 °C for at least 12 h. Slides were
immersed and boiled in citrate bu er, pH 6 (Lab Vision,
Freemont, CA) for 4 min at 125 °C and then allowed to cool
to 90 °C (the total program is approximately 40 min).
Automated immunohistochemistry was performed by using a
Lab Vision Autostainer 480S Module (Thermo Fisher
Scientific, Freemont, CA) as described in detail previously.?’
Primary antibodies toward human ACE2 were the monoclonal
mouse IgG antibody AMAb91262, RRID: AB_2665871, (Atlas
Antibodies AB, Bromma, Sweden) and monoclonal mouse 1gG
antibody MAB9331, (R&D Systems, Minneapolis, MN). All
primary antibodies were diluted and optimized based on
IWGAV criteria for antibody validation. For ACE2, normal
kidney and small intestine tissues served as known positive
controls, while tonsil, skeletal muscle, and skin constituted the
negative controls as described previously.** To determine
potential unspecific binding of the secondary reagent, slides
were also incubated with antibody diluent and secondary
reagents only without the addition of primary antibodies.

https://doi.org/10.1021/acs.jproteome.2c00184
J. Proteome Res. 2022, 21, 2137—-2145



Journal of Proteome Research

pubs.acs.org/jpr

A Normal brain regions ; Prefrontal cortex regions
NX |
1.0 Detection limit o Detection limit
3 |
) :
| L - e
\\\’<>(<\ \\ 'a\'a\'aa\a\ o O e\)ea\\ﬁ\)%
5 QKO QQ Qo ,AO\O ’b(\ (\ (\\) G 5 \ oK ‘0 O‘(\ o\g ‘g\(\ 0\'3 0‘(\6 Qo \\o O‘ \\‘ O(\
PR o¥ (\e % GQ, S «© Of e““ N e Q& «\’600&%00@? ‘0 . ?"\o
<, SO
B Cerebellum Frontal cortex
ACE2 4 - ACE24 -
VWEF 1 - VWEF 4
ERGH - ERG .
B2M 4 - . Avezrage Expression BoMd Average Expression
LAMAZ [ ° 1 ITGAM< - I 1
SYK 4 ° 0 SYKHA o
P2RY12 - ° ? P2RY12+ . Py
PLP14 - ® PLP1 [ ]
MBP - ® Percent Expressed MBP 1 ® Percent Expressed
ALDH1L1 - . o FAM19A1 A ° o
SLC1A2{ - - o .+ 20 AQP4{ - e . 20
® 40 e 40
SNAP251e @ o o °| oc0 ARNT2{e =+ o .
RBFOX3 @ o o o| @80 ALDH1L1 . @ &0
MYH101e - - . SLC1A24 - @
GAD2-q e . <. GAD24 e
GAD1- @ GAD14 @
\\ e° \\‘5 eﬁ' \ ed \\ 6‘5 eﬁ’ S
X \\5\ 0(\‘3 ¥ \\5\
V\ o N o

v

Figure 1. Transcriptomic profiling of ACE2 in the normal brain. (A) Overview of normalized expression levels (NX) of ACE2 based on bulk RNA
expression in 10 normal brain regions as well as 17 di erent regions of the prefrontal cortex. For all regions, expression levels were below the

detection limit. ACG = anterior cingulate gyrus, IFG =

inferior frontal gyrux, OrG = orbitofrontal gyrux, and PFC = prefrontal cortex. (B) Analysis

of ACE2 expression in the normal cerebellum and frontal cortex based on snRNA-seq. The expression of ACE2 (top row) was compared with
known marker genes representing di erent cell types present in these tissues. No enrichment of ACE2 expression was observed in any of the

analyzed cell types.

Protocol optimization was performed on a test TMA
containing 20 di erent normal tissues. The glioma control
samples were stained simultaneously with the other tissue
samples. After addition of primary antibodies, the slides were
further incubated with the secondary reagent anti-rabbit/
mouse horseradish peroxidase-conjugated UltraVision (Ther-
mo Fischer Scientific) for 30 min at RT and developed for 10
min using Diaminobenzidine (DAB) Quanto (Thermo Fisher
Scientific) as a chromogen. All incubations were followed by
rinsing in wash bu er (Thermo Fisher Scientific) two times for
5 min. Slides were counterstained in Mayers hematoxylin
(Histolab, Gothenburg, Sweden) and cover-slipped using
Pertex (Histolab) as a mounting medium. The stained slides
were digitized with a ScanScope AT2 (Leica Aperio, Vista,
CA) using a 20x objective. All tissue samples were manually
annotated based on the staining intensity and fraction of
positive cells using a three-graded scale: not detected
(negative), low expression (weak staining or strong staining
in <10% of the cells), or high expression (strong staining in
=10% of the cells). For the normal tissues, a consensus score
was set for each tissue type, taking all individual samples into
consideration, while for the COVID-19 tissues, each individual
was scored separately.
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I DATA AVAILABILITY

All original high-resolution images of immunohistochemically
stained tissue samples have been uploaded to the BioStudies
repository (https://www.ebi.ac.uk/biostudies/).

B resuits

Transcriptomic Profiling of ACE2 in Human Brain Tissues

Several large-scale transcriptomics e orts provide a framework
for quantifying the expression of protein-coding genes across
di erent normal organs and tissues. Three such initiatives
include the Human Protein Atlas (HPA) consortium,* the
genome-based tissue expression (GTEX) consortium,*® and the
FANTOMS5 consortium.*® In the HPA project, a combination
of transcriptomics and antibody-based proteomics is used to
characterize the entire human proteome, and we made the data
publicly available in the open-access database www.
proteinatlas.org. The HPA summarizes mRNA expression
data from all three sources® and merges the data into a
consensus dataset, providing a comprehensive overview of
transcriptomic levels in human tissues presented as normalized
expression levels (NX)."” Figure 1A shows an overview of
ACE2 expression in the normal human brain based on
transcriptomics with NX = 1 considered as the detection limit.
The analysis covered 10 major brain regions and showed that
the expression of ACE2 was below detection cuto in all
analyzed regions. Similar results are shown in a stand-alone

https://doi.org/10.1021/acs.jproteome.2c00184
J. Proteome Res. 2022, 21, 2137—-2145
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Figure 2. Protein profiling of ACE2 in normal and COVID-19-a ected brain samples. Overview of protein expression levels in normal and COVID-
19-a ected brain samples based on immunohistochemical staining. In the normal brain, expression was observed in ependymal cells. A similar
pattern of expression was found in COVID-19-a ected brain samples, together with an upregulation of expression in endothelial cells in the subset

of samples of Patient 1 and 2.

detailed dataset generated by the HPA with 17 regions of
prefrontal cortex, only displaying expression levels below the
detection cuto . We also analyzed the expression of ACE2 in
single-nucleus RNA-seq datasets of the frontal cortex and
cerebellum.*® No enrichment of ACE2 was observed in any of
the analyzed cell type clusters (Figure 1B) as compared to the
expression of well-known marker genes of cell types present in
these tissues. The HPA project has also re-analyzed tran-
scriptomics data from The Cancer Genome Atlas (TCGA) as
part of the Pathology Atlas,* which are presented as numbers
of fragments per kilobase of exon per million reads (FPKM).
Based on 153 glioma samples, the median expression of ACE2
was 0.1 FPKM with all samples showing an expression level
below the detection limit, FPKM < 1.0 (data summarized on
https://www.proteinatlas.org/ENSG00000130234-ACE2/
pathology/glioma).

Protein Profiling of ACE2 in Normal and COVID-19
A ected Brain Tissues

While transcriptomics has the advantage of quantitative
measurements and low abundance detection, it is important
to note that validation at the protein level is necessary to
understand the role in health and disease as proteomics
constitutes the functional representation of the genome. Spatial
proteomics using immunohistochemistry has the advantage of
determining the exact native localization in intact tissue
samples. We used standardized immunohistochemistry for
staining of ACE2 on 13 large sections and 22 tissue microarray
(TMA) samples of the normal human brain corresponding to
eight major brain regions. To investigate if the protein
expression of ACE2 is altered in the COVID-19-a ected
brain compared to the normal brain, we used postmortem
tissue samples from 9 to 12 di erent brain regions
corresponding to three patients experiencing varying degrees
of neurological symptoms (Patient 1, 2, and 3). As controls, we
also included one COVID-19 positive patient without
neurological symptoms that was admitted for glioblastoma
(patient 4) as well as TMA samples from 11 individuals with
malignant glioma that were not a ected by COVID-19. The
patient characteristics for the samples corresponding to
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COVID-19 patients are described in Table S1 and in the
Materials and Methods, and all samples used are listed in Table
S2.

Immunohistochemistry on normal and COVID-19-a ected
brain samples was performed using antibodies meeting
stringent criteria for validation.*> An overview of the protein
expression pattern across all brain regions is presented in
Figure 2. In the normal brain, distinct expression was observed
in a subset of ciliated cells in the ependyma and choroid plexus
(Figure 3). In the choroid plexus, strong expression was also

Basal ganglia

Cerebellum

) ) .
Qi

Substantia nigra

i), o
e

o
et

) e

Figure 3. Immunohistochemical staining patterns of ACE2 in normal
brain samples. Two representative images for each of the eight
di erent regions of the normal brain. Distinct positivity was observed
in ependymal cells (black arrows), choroid plexus cells (black and
white arrows), and endothelial cells of the choroid plexus (double
arrows). All other cell types, including neuronal cells (star), glial cells
(black arrowhead), and endothelial cells in other brain regions (black
needle), were negative.

https://doi.org/10.1021/acs.jproteome.2c00184
J. Proteome Res. 2022, 21, 2137—-2145
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Figure 4. Immunohistochemical staining patterns of ACE2 in COVID-19-a ected brain samples. Two representative images for each of the nine
di erent regions of COVID-19-a ected brain samples available for all three postmortem patients. Similar to the normal brain, distinct positivity was
observed in ependymal cells (black arrows), choroid plexus cells (black and white arrows), and endothelial cells of the choroid plexus (double
arrows). The expression of endothelial cells was upregulated in Patient 1 and 2 with the most abundant staining seen in Patient 1 generally in
smaller vessels of white matter (black needle).

found in endothelial cells, but no positive endothelial cells were detected in neuronal cells, astrocytes, or oligodendrocytes in
any of the brain regions.

Similar to the normal brain, postmortem brain tissue
samples from the three COVID-19 patients showed distinct
single-nucleus RNA-seq dataset, no ACE2 protein was protein expression in a subset of ciliated cells of the ependyma

found in any of the other analyzed regions of the normal brain,

neither in the white nor gray matter. Consistent with the

2141 https://doi.org/10.1021/acs.jproteome.2c00184
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and choroid plexus as well as strong staining in endothelial
cells of the choroid plexus (Figure 4). All three patients
consistently also lacked protein ACE2 protein expression in
neuronal cells, astrocytes, and oligodendrocytes. Interestingly,
in contrast to the normal brain, both Patient 1 and 2, who
showed the most severe neurological symptoms, displayed
distinct ACE2 protein expression in a subset of endothelial
cells (Figure 4). The endothelial cell staining was most
prominent in the white matter and was, in general, both
stronger and more commonly identified in Patient 1 compared
to Patient 2. In Patient 3, who experienced milder neurological
symptoms, no positive endothelial cells were identified in
neither white nor gray matter in any of the analyzed samples.
In order to confirm the upregulation of ACE2 expression in
endothelial cells, a selection of normal samples and all COVID-
19-a ected brain samples were stained with a second
independent antibody targeting non-overlapping sequences of
ACE2, showing a similar pattern of expression (Figure S1).

In the control glioblastoma sample, endothelial cells were
positive within the tumor cell compartment, but in contrast to
the COVID-19-a ected brain samples, no endothelial cell
positivity was identified in the adjacent sparse non-neoplastic
white matter (Figure S2a). For comparison, we also studied
non-COVID-19-a ected malignant glioma samples from 11
di erent individuals using both antibodies. One out of the 11
individuals showed positivity in a small subset of endothelial
cells within the tumor cell compartment, while the remaining
10 individuals and all areas of adjacent non-neoplastic brain
tissue were negative (Figure S2b). Thus, there was no general
upregulation of ACE2 related to disease.

B oiscussion

ACE?2 is suggested to be a receptor for SARS-CoV-2 host cell
entry, although alternative receptors have been proposed,
ACE?2 is still considered to be the key component crucial for
infection. Previous studies have performed in-depth character-
ization of ACE2 expression at both the mRNA and protein
levels from a body-wide perspective,* finding little or no
expression in the human brain. A low expression of ACE2 in
the brain could however still be of major importance for the
susceptibility of SARS-CoV-2 entry into the brain, a possible
underlying mechanism of neurological symptoms. It should
also be noted that a low expression level might be inconclusive
as it is possible that the expression is higher in smaller
structures localized to brain regions not previously studied or
upregulated in COVID-19 disease. Most previous studies of
ACE?2 expression in the human brain have been performed on
the mRNA level*>**% or were restricted to a limited sample
collection,*” and no study compared the distribution of the
ACE2 protein in the normal and COVID-19-a ected brain
based on immunohistochemistry. Here, we analyzed the cell
type-specific localization of the ACE2 protein in the major
regions of both the normal and COVID-19 human brain.
Antibody-based proteomics and immunohistochemistry is
the main strategy for visualizing proteins in single cells in a
spatial context and in relation to neighboring cells, a resolution
not currently provided by other proteomics technologies, such
as mass spectrometry. In immunohistochemistry studies, it is
important to note that the antibodies must be properly
validated before use in order to assure that the observed
staining pattern corresponds to true protein expression and is
not the result of unspecific binding. The International Working
Group for Antibody Validation (IWGAV) has proposed
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di erent strategies for antibody validation to ensure reprodu-
cibility of antibody-based studies.?" It is emphasized that the
validation must be performed in an application-specific
manner.”® For immunohistochemistry, two main strategies
are used: (i) orthogonal validation, which is defined as
comparing the protein expression levels with an antibody-
independent method analyzing the expression levels of the
same target across tissues expressing the target protein at
di erent levels, or (ii) independent antibody validation, which
is defined as a similar expression pattern observed by an
independent antibody targeting the same protein.?” In the
present study, we used two independent antibodies that
previously have been thoroughly validated by the HPA project.
The immunohistochemical findings presented here in both the
normal and COVID-19 a ected brain were thus supported by
independent antibodies targeting non-overlapping sequences
of the ACE2 protein. Control TMAs containing 20 di erent
normal tissue types were also stained in parallel as orthogonal
validation, both serving as positive controls and assuring the
absence of unspecific binding.

Here, ACE2 protein expression in normal brain was
observed in ciliated cells of the ependyma and choroid plexus
as well as in endothelial cells in the choroid plexus. The
choroid plexus is an important structure for generation of
cerebrospinal fluid (CSF)?® and serves as the blood—CSF
barrier®® thereby constituting a possible entry point for the
SARS-CoV-2 virus into the brain. The involvement of the
choroid plexus in COVID-19 has previously been suggested
due to high mRNA levels of ACE2 observed in microarray
data™® and the ability of SARS-CoV-2 to infect the choroid
plexus in human brain organoids.*>* Protein-level expression
or the exact cell-type distribution has however not previously
been described.

The expression in ciliated cells of ependymal and the
choroid plexus is consistent with the pattern observed in
human airways where the ACE2 protein is restricted to a
subset of ciliated cells in the upper respiratory tract,*? which
is suggested as the main route of infection. We did not observe
any ACE2 protein expression in neuronal cells, astrocytes, or
oligodendrocytes in any of the analyzed brain samples. Similar
results were previously obtained with immunohistochemistry
based on TMAs,*? and the lack of expression in these cell types
is supported by the general low or absent expression in the
brain based on bulk RNA-seq as well as having no particular
enrichment in any of the cell-type clusters in a single-nucleus
RNA-seq dataset of the frontal cortex. Unfortunately, no
single-nucleus data is available for ependymal cells or the
choroid plexus, but the data included here confirms the lack of
expression in the main cell types in the human brain. ACE2
protein expression in endothelial cells has previously been
identified in several di erent normal tissues,** but the data on
endothelial cell expression in the human brain is somewhat
contradictory. Some earlier studies have suggested staining in
endothelial cells of the normal brain but without proper
strategies for antibody validation, and it is thus not possible to
determine if the observed staining in these studies correspond
to true protein expression.®® Here, endothelial cell expression
in the normal brain was restricted to the choroid plexus, which
has not been investigated in any of the earlier immunohis-
tochemistry studies. In other regions of the normal brain, no
endothelial cell expression was observed, which is consistent
with the results of seven di erent antibodies toward ACE2 in
TMA samples from four main brain regions analyzed as part of
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the HPA project (https://www.proteinatlas.org/
ENSG00000130234-ACE2/tissue).

In COVID-19-a ected brain samples, we observed an
upregulation of ACE2 in endothelial cells within the brain
parenchyma with the highest expression observed in the
patient with most severe neurological symptoms. ACE2
expression in endothelial cells of COVID-19-a ected brain
samples has previously been suggested in one patient of an
autopsy study,** but no study has compared the expression of
ACE2 in relation to neurological symptoms. Upregulation of
ACE?2 in the diseased brain has been observed as a result of
other conditions, for example, Alzheimer's disease®™ and
hypertension,*® and in the present investigation, endothelial
cells were distinctly stained within brain tumor cell compart-
ments of a COVID-19 patient operated for brain tumor. No
expression was however observed in adjacent brain areas
showing normal histology. We also studied 11 additional
malignant glioma samples from non-COVID-19-infected
patients, out of which only two showed expression of ACE2
in a subset of endothelial cells in the tumor cell compartment.
In this context, TMAs were used, and further studies using
large sections are needed to fully investigate the potential
heterogeneity of ACE2 expression in pathological samples to
be able to conclude that there was no ACE2 expression in
other areas not sampled. Nevertheless, there is no consistent
general upregulation of ACE2 in the diseased brain and our
study is the first one showing clear ACE2 expression in
endothelial cells within histologically normal non-neoplastic
brain tissue. We here show that ACE2 is consistently
upregulated in endothelial cells throughout the brain in certain
COVID-19 patients thereby highlighting a heterogeneity in
expression between individuals that was not observed in any of
the non-diseased brain samples.

Since only a few individuals were studied, it remains to be
elucidated if the increased expression of the ACE2 protein in
endothelial cells of certain COVID-19 patients is due to inter-
individual variation caused by direct e ects of the SARS-CoV-2
virus, which are triggered by mechanisms related to brain
injury or other previous underlying diseases such as
Alzheimer's disease. One possible explanation is that host’s
immune response may trigger an interferon-driven upregula-
tion of ACE2, resulting in an increase in the number of cells
susceptible for SARS-CoV-2 infection. This has previously
been illustrated in the respiratory tract,®’ but the exact role of
SARS-CoV-2 in the human brain is yet to be understood.
Nevertheless, the present investigation highlights specific cell
types in the normal brain that express ACE2 and thereby
constitute potential structures for SARS-CoV-2 entry in the
human brain. Our study also shows that there is heterogeneity
in expression of ACE2 in endothelial cells of diseased brain
samples, which is displayed both in the COVID-19 samples
and the samples from malignant glioma. This could indicate
that mechanisms related to endothelial cells are involved in the
development of neurological symptoms in COVID-19 disease.
Since brain endothelial cells are the key constituents of the
blood—brain barrier that protects the brain from pathogens
and restricts access of circulatory factors, alterations in this
barrier may be one of the explanatory factors leading to brain
damage. Further large-scale studies on more patients with
COVID-19 disease and a controlled sample collection with
tissues from patients with various neurological diseases are
urgently needed to gain a complete understanding of the
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underlying mechanisms of ACE2 expression in a diseased brain
and its role in COVID-19-related neurological symptoms.
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