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Abstract

The major route of entry for the severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) into human host cells
is by means of the angiotensin-converting enzyme-2 (ACE2) transmembrane receptor. This zinc-containing carboxypep-
tidase and membrane-integral surface receptor is ubiquitous and widely expressed in multiple cell types. Hence SARS-
CoV-2, an unusually large RNA virus that causes coronavirus disease 2019 (COVID-19) has the remarkable capacity
to invade many different types of human host cells simultaneously. Although COVID-19 is generally considered to be
primarily an acute respiratory disease SARS-CoV-2 also targets specific anatomical regions of the central nervous sys-
tem (CNS). In the normal CNS the highest ACE2 levels of expression are found within the medullary respiratory centers
of the brainstem and this, in part, may explain the susceptibility of numerous COVID-19 patients to severe respiratory
distress. About ~35% of all COVID-19 patients experience neurological and neuropsychiatric symptoms, and a pre-
existing diagnosis of Alzheimer’s disease (AD) predicts the highest risk of COVID-19 yet identified, with the highest
mortality among elderly AD patients. In the current study of multiple anatomical regions of AD brains compared to age-,
post-mortem interval- and gender-matched controls (n = 10 regions, n = 32 brains), ACE2 expression was found to be
significantly up-regulated in AD in the occipital lobe, temporal lobe neocortex and hippocampal CA1. The temporal
lobe and hippocampus of the brain are also targeted by the inflammatory neuropathology that accompanies AD, sug-
gesting a significant mechanistic overlap between COVID-19 and AD, strongly centered on invasion by the neurotropic
SARS-CoV-2 virus via the increased presence of ACE2 receptors in limbic regions of the AD-affected brain.

Key words: Alzheimer’s disease, angiotensin-converting enzyme 2 (ACE2) receptor, Botzinger complex, COVID-19,
coronavirus, SARS-CoV-2, single stranded RNA (ssRNA), TMPRSS2.

city of Wuhan, Hubei Province in east-central China
[1-3]. Initial reports suggested that the emergence of

The coronavirus disease pandemic, named the novel SARS-CoV-2 virus, the causative agent of
COVID-19 by the World Health Organization (WHO), = COVID-19, may have occurred via ‘zoonotic spillover’
originated in late 2019 in an open air market in the  from the fruit bat (Pteropus scapulatus), the Chinese
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pangolin (Manis pentadactyla) and/or other mam-
malian vectors through interspecies viral transmis-
sion [1,10,13,21,25,32]. To date over ~162 million
cases of COVID-19 have been reported worldwide
with over ~3.4 million deaths at the time of the writ-
ing of this report [13,29].

Of COVID-19 patients and survivors many report
an extremely wide array of respiratory, sensorial and
neurological symptoms including intermittent loss
of respiratory control, loss of taste (ageusia) and
smell (anosmia), disruption in the coordination of
movement (ataxia), loss of balance (vertigo), dizzi-
ness and light-headedness (presyncope), headache
and nausea, direct negative effects of a heightened
immune reaction and unusual hyper-inflammatory
responses as a consequence of a prolonged ‘cyto-
kine storm’, with indications of increased cardiovas-
cular and neurovascular pathology and symptoms
of an exacerbation or de novo induction of inflam-
matory neurodegeneration [2,3,34,36]. In addition
there are widely reported progressive disturbances
in cognition, anxiety and intermittent impairment or
loss of consciousness, acceleration or aggravation of
pre-existing cognitive deficits including a long-last-
ing ‘brain fog’ and a persistent and continuing dis-
ruption in understanding, reasoning and memory
[2,17,19,20,22,34-36]. These deficits suggest the
potential involvement of specific anatomical regions
of the brain involved in perception, memory pro-
cessing and cognition strikingly similar to those
same brain areas targeted by Alzheimer’s disease
(AD). To cite 4 recent examples: (i) in the analysis
of primary health records for over ~13,300 UK indi-
viduals tested for COVID-19 between March and
July 2020 it was shown that a pre-existing diagno-
sis of AD predicted the highest risk of COVID-19 yet
found, driving the highest mortality rate amongst
any classification of aged individuals [16,33]; (ii) the
morbidity and mortality of COVID-19 are elevated
in AD due to multiple pathological changes in AD
patients such as the excessive expression of the
ACE-2 receptor and pro-inflammatory cytokines and
chemokines, various ancillary complications of AD
including cardiovascular and neurovascular disease,
diabetes, delirium and lifestyle alterations in AD [30];
(i) multiple COVID-19 patients have reported vari-
ous neurologic symptoms including AD-type cogni-
tive impairment in part through COVID-19-induced
inflammation, and post-COVID-19 syndrome [8];
and (iv) infection by SARS-CoV-2 both increases
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physiological and psychological stress and aggravates
inflammatory reactions including the ‘cytokine storm’,
supporting the deterioration of neuronal function and
accelerating the progression of AD [8,18].

Two previous reports of increased angiotensin-
converting enzyme-2 (ACE2) expression in AD have
appeared in the literature, however they were both
limited studies involving only one brain region and/
or post-mortem intervals (PMIs) of brain tissues
> 13 hours [4,11]. In the present report we have ana-
lyzed the protein levels of ACE2 and human trans-
membrane protease, serine 2 TMPRSS2, an ACE2
cellular serine protease that facilitates cellular SARS-
CoV-2 entry [23], in 10 brain regions from 32 con-
trol and AD brains with mean PMls of 3.1-3.2 hours
for all tissue samples analyzed. This is the first report
of multiple regions of expression of the SARS-CoV-2
entry protein ACE2 and TMPRSS2 in limbic regions
of the brain known to be involved in cognition and
memory, which are the same anatomical regions
targeted by the AD process. While TMPRSS2 pro-
tein showed no significant change in abundance
between control and AD when the same anatomical
area was compared, ACE2 receptor protein abun-
dance was found to be significantly elevated in the
occipital pole (Brodmann area 17; the primary visu-
al cortex), the temporal lobe neocortex (Brodmann
area 22) and the hippocampal CA1 region. The lat-
ter two anatomical regions comprise a major part
of the brain’s limbic system normally involved in the
processing of emotion, behavior, olfaction, cognition
and memory.

Material and methods
Human brain tissues

Total protein was extracted from about ~20 mg
(wet weight) samples of 9 control and 23 AD post-
mortem human brains; post-mortem human brain
tissues of the highest quality available were ob-
tained from 18 domestic and international brain
banks (listed in the Acknowledgements section);
the mean post-mortem interval (PMI; brain-death
to brain-freezing at —-81°C) + one standard deviation
was 3.1 +1.1 hours for control and 3.3 £1.4 hours
for AD; the mean age of the brain tissue donors was
76.3 £12.4 year for controland 78.1 £11.7 year for AD
brain samples; there were no significant differences
between the PMI, age or gender between the control
and AD groups. All tissues were from female donors.
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Fig. 1. ACE2 expression in different brain regions in Alz-
heimer’s disease (AD). Tissue-specific patterns of ACE2
expression at the protein level in human brain cerebel-
lum, thalamus, hypothalamus, pons, medulla oblongata,
parietal lobe, temporal lobe association neocortex (Brod-
mann area A22), frontal lobe, occipital lobe and hippo-
campus (hippocampal CA1) were determined using
a human ACE2 ELISA Kit (ab235649; Abcam, Cambridge
MA, USA) in AD vs. age-, gender- and PMI-matched
elderly controls; the control group (n = 9) had a mean
age of 75.5 £12.7 years and a mean post-mortem inter-
val (PMI; death to brain-freezing period) of ~3.5 hours;
the AD group (n = 23) had a mean age of 76.1 +11.4
years and a mean post-mortem interval (PMI) of ~3.4
hours; all brain samples were from female donors; there
was no significant difference in the mean age, gender,
PMI, yield or purity of total protein between the control
and the AD groups; in control human brain the pons,
containing the medullary respiratory centers exhibits
the highest concentration of ACE2 receptors of 21 brain
regions analyzed [13,17; see text]; no significant differ-
ence in ACE2 receptor expression (at the level of pro-
tein) was found between control or AD thalamus and in
this brain region the relative signal strength was set to
1.0; the pons was found to have an ACE2 expression of
1.15 AD over control which was not significant; on the
other hand the occipital lobe, temporal lobe neocor-
tex and hippocampus exhibited a 2-fold, 2.2-fold and
3.2-fold increases in ACE2 expression respectively; the
temporal lobe association neocortex and hippocampus
are part of the brain’s limbic system and neuroanatom-
ical regions targeted by the neuropathology of AD; all
results are represented as relative signal strength which
is defined as fold-change increases in AD over control;
a minimum of n = 3 ELISA analyses were performed
for each protein determination in tissues; *p < 0.05,
**p < 0.01 (ANOVA); error bars represent one standard
deviation of the mean; a dashed horizontal line at 1.0 is
included for ease of comparison; a preliminary report on
ACE2 expression in AD compared to controls has recent-
ly been accepted for publication in the peer-reviewed
literature: Lukiw W), SARS-CoV-2, the angiotensin con-
verting enzyme 2 (ACE2) receptor and Alzheimer’s
disease. ) Alzheimers Dis Parkinsonism 11: 520 (2021).
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Ten brain regions including the cerebellum, thala-
mus, hypothalamus, pons, medulla oblongata, fron-
tal lobe (Brodmann area 9), parietal lobe (Brodmann
area 5), occipital lobe (Brodmann area 17; primary
visual cortex), temporal lobe (Brodmann area 22;
association neocortex) and the hippocampal CA1l
region were extracted and processed as previously
described [12]. The original CERAD (Center to estab-
lish a registry for Alzheimer’'s disease)/National
Institutes of Health criteria were used to categorize
AD tissues in accordance with established guide-
lines [15]. All brain tissues were banked between
2015 and 2020 using the original CERAD criteria,
and all of the AD tissues used in these studies had
a clinical dementia rating (CDR) of 2.0-3.0, indicating
the moderate- to severe stage of this progressive,
age-related neurological disorder.

ACE2 and TMPRSS2 protein analysis

Protein extracts from control or AD tissues were
generated using a ProteoExtract Complete Mamma-
lian Proteome Extraction Kit (cat. no. 539779, Cal-
biochem/Millipore-Sigma Burlington MA) and were
assayed for protein concentration using a Non-In-
terfering Protein Assay kit (cat. no. 488250, Calbio-
chem/Millipore-Sigma; quantified at 480 nm); pro-
tein samples were stored in at —=81°C according to
the manufacturer’s protocol (Millipore-Sigma); ACE2
protein [UniProtKB — Q9BYF1 (ACE2_HUMAN)][7,27]
and TMPRSS2 protein [UniProtKB—-015393 (TMPS2_
HUMAN)][27,28] abundance in these cell extracts of
human brain regions were analyzed using a quanti-
tative colorimetric (450 nm) sandwich ELISA specific
for human ACE2 or TMPRSS2 employing a Fluoroskan
Ascent FL Microplate Fluorometer and Luminom-
eter (cat. no. 5200220, ThermoFisher Scientific,
Waltham MA); we utilized a human ACE2 ELISA
Kit ab235649; Abcam Cambridge MA, USA; sensi-
tivity 1052 pg/ml; detection range 1.5-255 ng/ml
and a human (human transmembrane protease, ser-
ine 2 (TMPRSS2) ELISA Kit, cat. no. EKN48965 96T/
cat. no. EKUO7854; Biomatik Wilmington DE; sen-
sitivity 59 pg/ml; detection range 0.156-10 ng/ml
[26,28]. Human B-actin (anti-B-actin antibody
(Abcam ab8227) were used as internal controls to
quantify relative ACE2, TMPRSS2 and B-actin protein
abundance in each sample according to the man-
ufacturer’s instructions (Fig. 1); concentrations of
ACE2, TMPRSS2 and B-actin were measured in tripli-
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cate and quantified according to the manufacturer’s
protocol (Supplementary File 1).

Statistical analysis

The analysis of statistical significance was eval-
uated using a two-way factorial analysis of variance
(p, ANOVA; SAS Institute, Cary NC, USA). A p < 0.05
(ANOVA) was deemed as statistically significant;
a p < 0.01 (ANOVA) was deemed as very highly sig-
nificant; experimental values were expressed as the
means + one standard deviation (SD) of that mean

(Fig. 1).

Results

Both ACE2 and TMPRSS2 proteins were abun-
dantly detected in all 10 anatomical regions of the
brain examined in this study. As determined by ELISA
the mean abundance for the 805 amino acid 92.5 kDa
ACE2 protein was about ~15 ng/ml extract and the
mean abundance of TMPRSS2 protein was about
~1.6 ng/ml; in both cases 20 mg wet weight of brain
tissue were extracted using the protocol described
above; the ACE2 receptor is therefore among the
most abundant receptor types on the surface of
human brain cells [7,13,27]. As quantified by ELISA
there was no significant difference in the abundance
of the 492 amino acid, 53.9 kDa TMPRSS2 pro-
tein between control and AD in any of these same
10 anatomical regions of the brain examined (Sup-
plementary File 1). On the other hand ACE2 was
significantly increased in the occipital lobe (Brod-
mann area 17; the primary visual cortex), temporal
lobe (Brodmann area 22; association neocortex) and
hippocampal CA1 to respectively 2.05-fold, 2.25-fold
and 3.25-fold over age-, gender- and PMI-matched
controls (Fig. 1). No significant changes for ACE
abundance in the cerebellum, thalamus, hypothal-
amus, pons, medulla oblongata, frontal lobe (Brod-
mann area 9) or parietal lobe (Brodmann area 5)
were noted in any of the AD tissues analyzed com-
pared to controls [13,16].

Discussion

The invasion of SARS-CoV-2 into human host
cells occurs via the ACE2 receptor that is absolutely
essential for viral infectivity and intracellular replica-
tion [3,5,16,36]. Accessory membrane enzymes such
as the serine 2 transmembrane protease TMPRSS2
facilitates SARS-CoV-2 infection via two indepen-
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dent mechanisms, proteolytic cleavage of mono
carboxypeptidase ACE2 at the intracellular C-termi-
nal endodomain which promotes viral uptake, and
cleavage of coronavirus spike (S1) glycoprotein which
activates S1 for host cellular entry [5,7,24]. Besides
enabling SARS-CoV-2 invasion, the ubiquitous ACE2
receptor is normally involved in the renin-angiotensin
system (RAS), and functions in vasoconstriction and
vasodilation, as a critical regulator of blood pressure,
blood volume, systemic vascular resistance, amino
acid trafficking and cardiovascular and neurovas-
cular homeostasis [5,23,24,27]. The upregulation
of ACE2, but not TMPRSS2, in anatomical regions
involved in AD again underscores ACE2’s importance
as a key facilitator of SARS-CoV-2 infection in brain
areas targeted for age-related neurodegeneration.
The omnipresence of ACE2 expression in multiple
human cell-, tissue-types and brain regions is note-
worthy, and the elicitation of this SARS-CoV-2-medi-
ated multipronged attack explains in part the sever-
ity and extensive variety of signs and symptoms
widely observed in COVID-19 patients.

The SARS-CoV-2 virus has evolved a remarkable
evolutionary strategy to ensure its replication, sur-
vival, proliferation and propagation by exploiting
the presence of a very common, abundant, essential
and susceptible transmembrane ACE2 receptor mak-
ing many different neural and extra-neural human
cell- and tissue-types at high risk and susceptibili-
ty to SARS-CoV-2 invasion. Another feature is that
COVID-19 preferentially affects those patients with
pre-existing medical conditions, such as a compro-
mised immune and metabolic systems and those
with neurological disorders that include AD. Besides
strong ACE2 expression in respiratory epithelium,
digestive, renal-excretory and reproductive cells,
high ACE2 expression has also been found in the
AD-affected limbic regions of the brain including the
temporal association neocortex and hippocampal
structures [13]. Elevated ACE2 levels in anatomical
regions of the brain centrally involved in AD-type
change suggests a significant mechanistic overlap
between AD and COVID-19 strongly centered on
invasion by the neurotropic SARS-CoV-2 via the ubig-
uity and overexpression of ACE2 receptors and their
close association with inflammatory neurodegener-
ation. After the acute phase of COVID-19 infection
and prospective recovery, the long-term neurological
complications of SARS-CoV-2 neuroinvasion on the
development of age-related neurodegenerative dis-
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orders are still not well understood [6,31]. COVID-19
is an acute condition while AD is age-related and
a disorder of the elderly, so it may be some time be-
fore the opportunity arises to examine SARS-CoV-2-
triggered neuropathological changes in a large num-
ber of post-mortem AD-affected human brains in
order to obtain statistical strength for more robust
correlation analysis [6,16,17,31,33,35].

Summary

The current COVID-19 pandemic (i) has created
an unparalleled global health crisis; and (ii) our sci-
entific understanding of the mechanistic factors
involved in SARS-CoV-2 transmission, invasion, viral
spread and affinity for multiple human host cell
targets continues to evolve. The ACE2 receptor, the
gateway for SARS-CoV-2 entry into the host cell,
has an extraordinary ubiquity and has been detect-
ed on the surface of all human cell types analyzed
so far (with the exception of the erythrocyte) thus
making it among the most prevalent receptor sub-
types encountered in the human body. This indicates
(i) that multiple cell types and tissues of the human
respiratory, cardiovascular, digestive and genitouri-
nary systems, hematic, lymphatic and glymphatic
systems, and the central and peripheral nervous
systems (CNS, PNS) provide many different poten-
tial entry portals for SARS-CoV-2 invasion; and
(i) this may in part explain the wide range of sys-
temic involvement of SARS-CoV-2 infection and the
variation in the many symptoms observed in both
active and recovering COVID-19 patients. Abundant
data further indicate that the high abundance of
ACE2 in different brain cell types and neuroanatom-
ical regions have a bearing on the widely reported
incidence of disorientation, impairment of memo-
ry, reasoning and cognition and ‘brain fog’ not only
during active SARS-CoV-2 disease but also during
the often challenging period of recuperation follow-
ing COVID-19 infection.

The following are related to these observations:
() SARS-CoV-2 directly infects human neurons
[23,24]; and (ii) the highest ACE2 receptor abundance
in the normal CNS has been found in the pons and
medulla oblongata of the lower human brainstem
that contain the medullary respiratory regulatory
rhythm generators, including the Botzinger complex
that regulates inspiration during respiratory activi-
ty, and this in part may explain the susceptibility of
numerous COVID-19 patients to severe respiratory
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distress [13,33]. Another remarkable finding is the
neurotropism of SARS-CoV-2 towards highly specific
brain regions involved in memory and cognition that
are also targeted by the inflammatory neurodegen-
eration characteristic of that observed in AD brain
[6,12]. The highest density of the ACE2 receptors
in the brain colocalize to areas also targeted by AD
including the occipital lobe containing the primary
visual cortex and the temporal lobe and hippocam-
pal CAl, key anatomical regions involved in visual
perception and interpretation and the limbic system
collectively involved in visual signal processing, cog-
nition, behavior and memory formation [6,31]. It has
been shown recently that a pre-existing diagnosis of
AD predicts the highest risk yet found for the devel-
opment of COVID-19, and is further associated with
the highest mortality rate among adults > 65 years
of age — these constitute a very high-risk elderly
group prone to the most severe cases of SARS-CoV-2
often with a lethal outcome [16,17,31]. Our current
healthcare system could be faced with a significantly
increased volume of AD patients dealing with these
and other associated issues of neurological comor-
bidity in older adults after the most severe cases of
SARS-CoV-2 infection, requiring long-term neuro-
logical follow-up in the often difficult aftermath of
COVID-19 recovery.
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