
 International Journal of 

Molecular Sciences

Article

SARS-CoV-2 Exacerbates Beta-Amyloid Neurotoxicity,
Inflammation and Oxidative Stress in Alzheimer’s
Disease Patients

Luigi Chiricosta , Agnese Gugliandolo and Emanuela Mazzon *

����������
�������

Citation: Chiricosta, L.; Gugliandolo,

A.; Mazzon, E. SARS-CoV-2

Exacerbates Beta-Amyloid

Neurotoxicity, Inflammation and

Oxidative Stress in Alzheimer’s

Disease Patients. Int. J. Mol. Sci. 2021,

22, 13603. https://doi.org/10.3390/

ijms222413603

Academic Editor: Federico Licastro

Received: 30 November 2021

Accepted: 15 December 2021

Published: 19 December 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

IRCCS Centro Neurolesi “Bonino-Pulejo”, Via Provinciale Palermo, Contrada Casazza, 98124 Messina, Italy;
luigi.chiricosta@irccsme.it (L.C.); agnese.gugliandolo@irccsme.it (A.G.)
* Correspondence: emanuela.mazzon@irccsme.it

Abstract: Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) triggered the pandemic
Coronavirus Disease 19 (COVID-19), causing millions of deaths. The elderly and those already living
with comorbidity are likely to die after SARS-CoV-2 infection. People suffering from Alzheimer’s
disease (AD) have a higher risk of becoming infected, because they cannot easily follow health roles.
Additionally, those suffering from dementia have a 40% higher risk of dying from COVID-19. Herein,
we collected from Gene Expression Omnibus repository the brain samples of AD patients who died
of COVID-19 (AD+COVID-19), AD without COVID-19 (AD), COVID-19 without AD (COVID-19)
and control individuals. We inspected the transcriptomic and interactomic profiles by comparing the
COVID-19 cohort against the control cohort and the AD cohort against the AD+COVID-19 cohort.
SARS-CoV-2 in patients without AD mainly activated processes related to immune response and
cell cycle. Conversely, 21 key nodes in the interactome are deregulated in AD. Interestingly, some of
them are linked to beta-amyloid production and clearance. Thus, we inspected their role, along with
their interactors, using the gene ontologies of the biological process that reveals their contribution in
brain organization, immune response, oxidative stress and viral replication. We conclude that SARS-
CoV-2 worsens the AD condition by increasing neurotoxicity, due to higher levels of beta-amyloid,
inflammation and oxidative stress.

Keywords: Alzheimer’s disease; SARS-CoV-2; next-generation sequencing; transcriptome; interac-
tome; beta-amyloid; neurotoxicity; immune response; oxidative stress

1. Introduction

The pandemic from severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
blew up in 2019, with more than 260 million infections and more than 5 million deaths
around the world, according to the World Health Organization (WHO) [1]. SARS-CoV-2 is
a virus of the betacoronavirus genus that triggers the Coronavirus Disease 19 (COVID-19)
disease. COVID-19 consists of a respiratory disease that mainly causes fatigue, fever, dry
cough and, in the worst cases, acute respiratory distress syndrome. Most of the people
infected by this virus have an asymptomatic or paucisyntomatic course of the disease
and, eventually, become healthy. In spite of this, 2% of people suffering from COVID-19
develop a severe disease that is associated with an uncontrolled inflammatory response
and low oxygen levels in the blood that lead, in the worst cases, to respiratory failure,
multi-organ impairment and, eventually, death [2]. The 35% of people that suffered from
severe COVID-19 and become negative to SARS-CoV-2 still show, after two or more weeks,
anosmia, headache, fatigue or joint pain linked to the so-called “long COVID-19”. The
symptoms can vary, and they are related to brain, lungs, stomach, intestine, heart and
more others tissue [3]. On the other hand, most of the people who died of COVID-19 were
elderly people with one or more comorbidities that worsen the clinical condition. Among
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them, people suffering from cerebrovascular, cardiovascular disease, hypertension, obesity
or diabetes have a bigger risk to develop a severe disease, due to their preclinical status [4].

Among neurological patients, people suffering from dementia are more than 55 million
and have even a greater risk to be infected by SARS-CoV-2. WHO statistics associate it with
Alzheimer’s disease (AD), the most common type of dementia that contributes to more
than 60% of cases. One fact is that the AD rate increases with the age, but it is not limited to
this [5]. AD is a chronic neurodegenerative disease that affects more than 46 million people
in the world population and for which no cure is known. The causes of the disease are
not clear, but beta-amyloid plaques and neurofibrillary tangles accumulation are clearly
associated with the severity of the disease. AD implicates an alteration in memory and
learning, as well as changes in normal behavior and in patient cognition [6]. Thus, the
debilitating condition in which people with AD live hinders their ability to follow the
health roles. Curiously, AD patients rarely show typical symptoms of the disease, such
as cough or fever. Rather, diarrhea or drowsiness and, eventually, delirium triggered by
hypoxia are observed. Different studies have focused on AD patients infected by the SARS-
CoV-2, but, to date, it is not clear how the virus can modify the pre-existing clinical course
of the disease [7]. However, it could be possible that COVID-19 triggers or accelerates
neurological disorders, such as AD. COVID-19 and AD share several biochemical processes.
Similar to AD, SARS-CoV-2 can alter the homeostasis of the blood–brain barrier, induce
hypoxia and trigger neuroinflammation. It is notable that the angiotensin-converting
enzyme 2 (ACE2) receptor is used by the virus as the entry point for human cells, and in
AD patients, it seems to correlate with oxidative stress levels [8,9]. Since anosmia is one of
the characteristic symptoms of the COVID-19, the olfactory epithelium, close to the frontal
cortex, could represent one possible route for SARS-CoV-2 to enter into the brain [10]. In
line with this, the frontal cortex is the brain area involved in working memory, planning
and reasoning that becomes damaged in advanced AD [11]. For this reason, this brain area
should highlight the highest link between SARS-CoV-2 and AD patients. Nevertheless,
very few data are focused on elderly patients, and most of them are focused on patients
without dementia comorbidity. Remarkably, it seems that people suffering from dementia
showed a mortality-risk increase of 40% when compared to individuals without dementia;
thus, the older age of these patients cannot fully explain the reason [12].

To inspect what the effects are that SARS-CoV-2 can trigger in patients with AD, in this
work, we retrieved four cohorts of patients from the Gene Expression Omnibus [13] (GEO)
repository. The first cohort is made of individuals who died of AD, whereas the second
cohort is composed of people with AD who died of COVID-19. Additionally, a third cohort
of control people and a fourth cohort of people without dementia who died of COVID-19
were retrieved. Then, through a next-generation sequencing analysis and an in silico study,
we inspected the changes in the transcriptomic profile and in the interactomic network that
are triggered in the frontal cortex area of the brain of the four cohorts of patients.

2. Results

The analysis performed on the genes of control cohort against the COVID-19 cohort
highlighted 1644 differentially expressed genes (DEGs), among which 1384 are upregulated
and 260 are downregulated. DEGs were uploaded on STRING, and all the nodes with
degree 0 were removed. After setting the network with the highest level of confidence
(0.900), along with “Experiments” and “Database” as sources, 1564 proteins remained.
On the other hand, our comparison of the AD+COVID-19 cohort against the AD cohort
revealed 904 upregulated and 843 downregulated DEGs, equaling 1747 overall DEGs.
As with the previous analysis, STRING received in input DEGs and node with 0 degree
were excluded. Confidence level and experimental sources kept 1689 proteins. The two
comparisons of the four cohorts were then separately exported on Cytoscape, where the
network analysis was performed. To inspect the nodes, we focused our attention on the
betweenness centrality parameter that gives information about the centrality of a node in
the graph. Specifically, the betweenness centrality of a given node is obtained through the
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amount of shortest paths that go through that node. Among the highlighted sub-networks,
we focused our attention on DEGs in the subnetwork with the highest diameter. The main
network coming from the control cohort against the COVID-19 cohort has a diameter of
18 and 157 proteins connected. We normalized the values of the betweenness centrality
through z-score normalization, and we kept the node outer the 95% of the distribution
(z-score > 1.96). Table 1 shows the 7 DEGs that we identified as central in the network.

Table 1. DEGs with betweenness centrality outer than 95% after z-score normalization.

Gene Control COVID-19 Fold Change Betweenness Centrality Degree

MAPK3 365.56 695.22 0.93 0.51 15
PRKACG 0.06 20.49 6.69 0.44 10
CDC25C 2.79 43.05 3.80 0.34 3
NFATC1 33.21 166.23 2.32 0.29 6
CDC25A 7.03 61.62 3.16 0.25 4

F2 1.07 33.31 5.13 0.19 9
PPARG 42.25 128.56 1.60 0.19 3

Note: The fold change was computed as log2(COVID-19/control). DEGs are sorted by betweenness centrality
parameter. All the values are rounded to the second decimal digit.

The comparison of the AD cohort against the AD+COVID-19 cohort revealed a
main network diameter of 13 that connects 516 proteins. After z-score normalization
of the betweenness centrality parameter, the 21 DEGs in Table 2 are in the upper 5% of
the distribution.

Table 2. DEGs with betweenness centrality outer than 95% after z-score normalization.

Gene AD AD+COVID-19 Fold Change Betweenness Centrality Degree

RPS27A 911.74 1780.96 0.97 0.20 103
UBA52 677.56 1204.86 0.82 0.15 95
NCOR1 2542.38 3646.46 0.52 0.13 18
MAPK3 444.68 763.02 0.78 0.13 26

ESR1 74.27 19.81 −1.84 0.10 23
KRAS 673.02 411.00 −0.72 0.09 26

PTGES3 1154.09 676.38 −0.75 0.08 16
NCOR2 1127.04 2296.71 1.03 0.08 14

RB1 600.81 340.79 −0.81 0.07 16
SNW1 269.40 404.53 0.56 0.06 17
SEC13 228.79 131.39 −0.69 0.06 16

MAPK14 485.07 267.52 −0.84 0.06 18
TBL1XR1 2220.09 1191.37 −0.90 0.06 8

RAC1 948.07 1678.89 0.83 0.05 22
NCL 1784.81 6608.74 1.89 0.05 17

SRSF1 506.54 284.79 −0.78 0.05 19
PTPN11 2778.66 5429.21 0.97 0.04 16

DUT 237.24 152.47 −0.67 0.04 9
NCBP1 600.36 409.11 −0.58 0.04 14

POLR2A 1164.20 1595.16 0.45 0.04 22
ARRB1 1183.63 1826.55 0.62 0.04 10

Note: The fold change was computed as log2(AD+COVID-19/AD). DEGs are sorted by betweenness centrality
parameter. All the values are rounded to the second decimal digit.

The key role of these highlighted genes in the network is due to their connectivity
with other DEGs of the network. For this reason, we extrapolated from the network all the
DEGs that directly interact with the DEGs in Table 1 that come from the control against
COVID-19 comparison. We identified a total of 38 DEGs that were highlighted on STRING,
using the same parameters; we then elaborated the final network with Cytoscape, and it is
plotted in Figure 1.
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Figure 1. Network analysis of DEGs interacting with the 7 DEGs with the highest betweenness
centrality. The network is composed of 38 nodes. The 7 key DEGs with the highest betweenness
centrality are highlighted in yellow. The 31 interactor DEGs identified in the network are depicted in
red if they are more expressed in the AD+COVID than AD cohort; otherwise, they appear in blue.

We made the same things for DEGs in Table 2 of the AD against AD+COVID-19
comparison, and the 265 DEGs are represented in Figure 2.
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Figure 2. Network analysis of DEGs interacting with the 21 DEGs with the highest betweenness
centrality. The network is composed of 265 nodes. The 21 key DEGs with the highest betweenness
centrality are highlighted in yellow. The 244 interactor DEGs identified in the network are depicted
in red if they are more expressed in the AD+COVID than AD cohort; otherwise, they appear in blue.

To study the main sub-networks, we inspected the overrepresented biological pro-
cesses in which the DEGs highlighted in Figure 1 are involved. We identified 205 overrepre-
sented biological processes, and we focused on the 22 processes that are implicated in our
study. As it is possible to observe in Figure 3, these processes are related to cell cycle, brain
organization, immune response and oxidative stress. As expected, most of the processes
are related to the immune response.
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Figure 3. Biological processes of the key DEGs. For the 7 DEGs with the highest betweenness
centrality and their 31 interactors, we provided the gene ontology enrichment of their biological
processes. Among all the statistically significant processes, we kept the 22 processes related to brain
organization, cell cycle, immune response and oxidative stress, as shown in the legend. On the x-axis
are the gene ontology IDs of all the 45 processes. For each process, the score in the y-axis highlights
its level of significance as -ln(q-value). The size of each bubble is proportional to the amount of
DEGs implicated in the process compared to the number of genes known to be associated with the
process itself.

Again, we made the same inspection for DEGs of the AD against AD+COVID-19
comparison in Figure 1. Among the 499 overrepresented biological processes, 45 processes
are in compliance with our study. Figure 4 shows the processes related to apoptosis, brain
organization, immune response, oxidative stress and viral activity. It is interesting that
“viral gene expression” (GO:0019080) and “viral transcription” (GO:0019083) have a very
high score compared to the other gene ontologies, and they are the processes that included
the most of DEGs.
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of DEGs implicated in the process compared to the number of genes that are known to be associated with the process itself.
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3. Discussion

The COVID-19 pandemic is killing millions of people worldwide. The death rate
of COVID-19 is higher in the elderly and in individuals with comorbidity. Additionally,
COVID-19 seems to trigger or, at least, accelerate the neurological disorders in people
infected by SARS-CoV-2. Indeed, viral infections are known to impair the structure of the
central or peripheral nervous system, hindering its functionality. The human coronaviruses
HCoV-229E, HCoV-OC43, HCoV-NL63, HCoV-HKU1, SARS-CoV and MERS-CoV are
neurotropic viruses that are able to trigger neurotoxicity, causing nervous system damage
through demyelination, inflammatory state and hypoxia injury [14]. The consequence of
SARS-CoV infections revealed neurons ischemia and nerve demyelination, polyneuropathy,
encephalitis and stroke [15,16]. In spite of SARS-CoV, neurotoxicity induced by MERS-CoV
triggers insanity, disturbance of consciousness, paralysis, Guillain–Barré syndrome or
neuropathy not directly linked to respiratory distress [17,18]. SARS-CoV-2 seems to infect
the olfactory nerves; therefore, the frontal cortex could be the access route for the virus
to the brain [19]. Among the people with COVID-19, patients already suffering from
neurological disorders, such as dementia and especially AD, tend to have a higher rate of
infection and death. Nevertheless, it is not clear what mechanisms exacerbate the disease
of patients with dementia [12].

In this study, we retrieved by GEO repository a cohort of control individuals, a
cohort of patients who died due to AD and a cohort of patients with AD who died after
SARS-CoV-2 diagnosis. The mean age of the control cohort is 78.4 years old, the COVID-19
cohort’s is 79, the AD cohort’s is 89.1 and the AD+COVID-19 cohort’s is 84.8; thus, they
are very close. Other comorbidities were highlighted in the patients, but AD is the only
common disease observed. Thus, we inspected the transcriptomic profile obtained by the
frontal cortex of the individuals in the four cohorts. Indeed, the frontal cortex, which is
involved in memory, planning and reasoning, is also compromised in advanced AD [11].

We focused our attention on the DEGs obtained by first comparing the control cohort
against the COVID-19 cohort and then the AD cohort against the AD+COVID-19 cohort.
Once the transcriptomic profile was reconstructed, we analyzed the interactome in which
the DEGs are involved. Indeed, the alteration of these genes can cause the destruction of
whole interactomes. In the first comparison, for the control against COVID-19, we recog-
nized F2, CDC25A, CDC25C, PRKACG, NFATC1, PPARG and MAPK3 as being upregulated,
as shown in Table 1. F2 encodes for the coagulator factor II, the prothrombin protein, and its
upregulation fits with several clinicopathological reports. Indeed, even if the mechanism is
not clearly elucidated, the association between COVID-19 and coagulopathy or thrombosis
is known as the platelet drop and thrombin formation [20]. CDC25A and CDC25C are phos-
phatases belonging to the Cell Division Cycle (CDC) 25 family. Both proteins regulate the
cell cycle and are upregulated. Particularly, CDC25A is required by the cell to switch from
the G1 to S phase, while CDC25C is necessary to trigger the mitosis. Viruses of influenza
are known to modulate the expression of the CDC25 family cell-cycle proteins, increasing
their fitness [21]. Additionally, Lv et al. observed that the porcine hemagglutinating en-
cephalomyelitis virus, a neurotropic virus of the Coronariviridae family, modulates CDC42.
The modulation culminates in the rearrangement of the actin cytoskeleton; thus, the virus
can survive easily [22]. NFATC1, the Nuclear Factor of Activated T Cells 1 (NFAT) protein,
is a transcription factor of the NFAT family. In particular, NFATC1 is the cytosolic compo-
nent of the complex that enters into the nucleus after the stimulation of the T-cell receptors.
While NFATs are involved in the development of several diseases and disorders, they are
known as regulators of the immune response mediated by T cells in response to cytokines.
The upregulation of the NFATC1 underlines the presence of the virus in the brain. Indeed,
following coronavirus infection, the immune response, i.e., NFAT complex, is activated
by virus envelope protein detection by which the virus virulence also depends [23]. The
presence of the SARS-CoV-2 in the brain can also be hypothesized by the upregulation
of PPARG. PPARG encodes for the Peroxisome Proliferator Activated Receptor (PPAR)
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Gamma, a member of the PPAR family. Cao et al. observed the immune response in mice
that, in line with our analysis, shows a quick increase of PPAR-γ expression [24].

PRKACG is a catalytic subunit of the Protein Kinase A (PKA). Interestingly, the role of
PKA was investigated in compliance with viral replication. Indeed, PKA could translocate
the V-ATPASE into lysosome, allowing the release of viral RNA [25].

MAPK3 is a Mitogen-Activated Protein Kinase (MAPK) involved in MAPK pathway.
MAPK3 encodes for ERK, and its role in activation, proliferation, differentiation, cell cycle
progression and apoptosis is very well known [26]. The role of the ERK in MAPK pathways
has already been studied with other viruses that, through overactivation of this protein, as
in our study, improve their viral replication [27].

As expected, in patients without dementia, we simply observed the effects of the
SARS-CoV-2, as summarized by the Figure 3. Indeed, the main biological processes in
which are involved the central DEGs of the comparison and their interactors (Figure 1) are
related to immune response, cell cycle, oxidative stress and brain organization.

Conversely, Table 2 shows the 21 central genes in the comparison of the AD co-
hort against the AD+COVID-19 cohort (Table 2). In detail, RPS27A, UBA52, NCOR1,
MAPK3, NCOR2, SNW1, RAC1, NCL, PTPN11, POL2RA and ARRB1 are upregulated,
while ESR1, KRAS, PTGES3, RB1, SEC13, MAPK14, TBL1XR1, SRSF1, DUT and NCBP1
are downregulated.

RPS27A and UBA52 are two of the four human ubiquitins, and they encode for a
fusion ribosomal protein. Several neurodegenerative disorders, such as AD, have ubiquitins
implicated to reduce neurotoxicity binding specific aggregates [28]. The ubiquitins target
cellular protein to degrade them by the proteosome, and they are essential to the cellular
steady state [29]. Herein, they are the coding proteins with the highest betweenness
centrality (0.20 and 0.15, respectively), they have the highest degrees (103 and 95) and they
both are upregulated. The organism reacts to harmful proteins accumulation induced by
stress through the ubiquitin protein system; thus, with an increase in the expression of the
ubiquitins. The ubiquitin proteosome dysregulation is a characteristic of neuro-infectious
diseases through the regulation of oxidative and inflammatory stress, as well as immunity
response. Particularly, in neurons and glial cells, the immunoproteasome is significantly
upregulated in patients with AD, and it is induced by inflammatory cytokine and oxidative
stress [30]. Chen et al. showed that ubiquitin immunoreactivity is caused by hypoxic
injury, along with mitochondrial dysfunction and an increase in reactive oxygen species,
phopho-tau and beta amyloid [31]. Thus, we can hypothesize that the immune response is
exacerbated in patients with AD+COVID-19 because of the upregulation of ubiquitins in a
condition in which the immunoproteasome is already upregulated for the presence of the
AD itself.

Our analysis also shows the downregulation of TBL1XR1 and ESR1, as well as the
upregulation of NCOR1 and NCOR2. TBL1XR1 encodes for the F-box-like/WD repeat-
containing protein. The WD repeat-containing proteins are nuclear receptors involved in
the differentiation program of the cell, and they are needed by several transcription factors.
Its downregulation highlights a reduced activity that matches with the upregulation of
NCOR1 and NCOR2. Indeed, NCOR1 and NCOR2 encode respectively for the nuclear
receptor co-repressors 1 and 2. They act as coregulatory transcriptional factors of TBLX
family and repress several classes of transcription factors recruiting histone deacetylases.
TBL1XR1 could also be a component of N-COR corepressor complex from which the
proteosome complex is recruited [32]. However, not all the specific targets of NCOR
machinery have yet been identified. Ogawa et al. identified, in the protein encoded by JUN,
a subunit of AP-1 transcription factor, a recruiter of NCOR implicated in inflammatory
signaling [33]. In our analysis, JUN was not deregulated, but, on the other hand, JUND was
upregulated. Interestingly, JUND is a gene of the JUN family and a functional component
of the complex AP-1, so that its deregulation could lead to the same biological effect. Just
as TBL1XR1, SEC13 contains a WD repeat-containing protein and it is a component of the
nuclear complex. Moreira et al. inspected a mouse model with a low level of Sec13 protein
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that altered the level of immune factors hindering a functional inflammatory response [34].
Moreover, Sec13 interacts with presenilin-1, a protein that, when mutated, triggers the
neurotoxicity in AD through the alteration of the protein-degradation pathway [35].

ARRB1 encodes for the Arrestin Beta 1. The Arrestin family is quite involved in the
regulation of the nervous system through the modulation of hormones, sensory signals and
neurotransmitters. Liu et al, in an in vivo study of mice, observed the role of the Arrestin
Beta 1 in AD. The upregulation of the protein correlates with the severity of AD, because it
modulated the γ-secretase complex, and consequently with the beta-amyloid production
increasing neurotoxicity [36].

ESR1 encodes a nuclear receptor called the estrogen receptor alpha. It is activated by
estrogen, and it has a key role in central-nervous-system maintenance. Indeed, estrogen has
already been associated in several studies with neuroprotective effects, and it can mediate
the toxicity of beta amyloid, oxidative stress and inflammation [37]. Interestingly, Kelly
et al. observed, through the Western blot technique, a reduction in the level of the estrogen
receptor alpha in frontal cortex that could be associated with the progression of AD [38].
In line with this study, our AD+COVID-19 cohort shows the downregulation of the ESR1
receptor; thus, neurotoxicity cannot be reduced.

PTGES3 encodes for the prostaglandin E synthase 3, a protein that synthesizes
prostaglandin E2 from prostaglandin endoperoxide H2, and it is downregulated in
AD+COVID-19. The role of the prostaglandins had already been associated with the
AD pathogenesis. Indeed, prostaglandins are downstream effectors of Cox proteins, and
their alteration can lead to neurotoxicity, neuroinflammation and apoptosis [39]. PTGES3 is
a co-chaperone of heat shock proteins 90 involved in the mediation of neuroinflammatory
response, and it is already known that viruses, such as SARS-CoV-2, use heat shock proteins
for replication [40].

MAPK14 is an MAPK that encodes for p38, and it is usually activated in response to
different types of cellular stresses and leads to apoptosis. Curiously, the downregulation of
MAPK14 in our study could represent a protective mechanism operated by SARS-CoV-2 to
avoid apoptosis, as observed in other viral infections [41].

KRAS and RAC1 encode for GTPase and are respectively downregulated and upreg-
ulated in AD+COVID-19. KRAS plays a role as molecular switch of the MAPK pathway,
and it is essential for brain status. Indeed, KRAS is a member of the RAS family that
is involved in neuronal survival, regeneration, differentiation or apoptosis, as well as
synaptic connectivity or cytoskeletal integrity [42]. The association of RAC1 with AD is
already known. Even if the RAC1 results are contradictory, it seems that its expression
level could be related to the grade of the AD. Indeed, Borin et al. demonstrated that RAC1
overexpression, as in our study, increases fragments of pathogenic beta-amyloid that cul-
minates in the hyper-phosphorylation of tau protein, thus enhancing the neurotoxicity [43].
RAC1—along with SEC13, ARRB1 and ESR1, which we have already described—highlights
the impairment of the beta-amyloid clearance in AD patients in which the neurotoxicity
mediated by the beta-amyloid plaques is already high. Additionally, Matsui et al. showed
that extensive neuronal death in AD leads to a decrease in the expression of RAC1 [43].
Notably, the consequence of RAC1 overexpression finds a match with the overexpression of
PTPN11 that encodes for the Protein Tyrosin Phosphatase Non-Receptor Type 11. Indeed,
Kim et al. speculated the direct interaction between the hyperphosphorylated tau and the
phosphatase encoded by PTPN11 and its role in neurodegeneration in AD patients. In
particular, PTPN11 overexpression in brain seems to correlate with the severity of AD [44].
Thus, the parallel overexpression of RAC1 and PTPN11 in AD patients with COVID-19
could be important for the enhancing of neurotoxicity.

RB1 encodes for the retinoblastoma protein involved in the negative regulation of the
cell cycle. It was downregulated in our analysis, and the knockout of retinoblastoma was
inspected in a mice study of MacPherson et al. As expected, the loss of the retinoblastoma
alters the cell-cycle activity and apoptosis in the nervous system; an increase in the hypoxia-
inducible genes is also observed [45].
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NCL encodes for nucleolin, a nucleolar protein involved in cell cycle and DNA damage.
In a previous study conducted by Jang et al. about Parkinson’s disease, NCL overexpression
was associated to neurotoxicity induced by oxidative stress. NCL is overexpressed in
AD+COVID-19 cohort, but Jang et al. associated its protective role with the overexpression
of heat shock protein 70 [46]. In our results, we observed the downregulation of the heat
shock protein 70 HSPA13 and HSPA1B, so we can hypothesize that nucleolin cannot protect
the cells from the neurotoxicity induced by oxidative stress.

POL2RA encodes for the subunit A of the RNA polymerase II, while SNW1 enhances
the transcription as a coactivator of polymerase II. In our results, we observed an increase in
the expression of both POL2RA and SNW1 transcripts. Interestingly, the role of polymerase
II had already been associated with AD. Specifically, the hyperphosphorylation of the RNA
polymerase II promotes the neurodegeneration, hindering the synthesis of mRNA that
induces brain atrophy [47]. This observation could be strengthened by the downregulation
of NCBP1. This gene is the Subunit 1 of the Nuclear Cap Binding Protein, and it is necessary
for the export of mRNA [48]. Moreover, the Serine- and Arginine-Rich Splicing Factor 1
is encoded by SRSF1, which is downregulated in AD+COVID-19 cohort. SRSF1 activity
promotes the splicing and has been observed to be deregulated in AD patients consequently
to hypoxia associated with neurodegeneration. Specifically, SRSF1 upregulation seems to
promote the inclusion of exon 10 of Tau protein, but SRSF1 downregulation changes the
ratio between three repeats and four repeats of the exon 10 [49].

The Deoxyuridine Triphosphatase protein is encoded by DUT. Williams et al. observed
the role of this protein related to apoptosis. Interestingly, it could serve as a pro-apoptotic
second messenger under the presence of reactive oxygen species [49]. Thus, the downregu-
lation of DUT confirms the hindering of the apoptosis as a mechanism of the virus that
tries to replicate itself as much as possible [50].

In addition, the key DEGs here described directly modulate the 244 DEGs shown
in Figure 2. To support the evidence found in the literature about the 21 key DEGs here
described, we also inspected the overrepresented gene ontologies of the biological process
for the 244 DEGs. It is interesting that we found the overrepresentation of 45 biological
processes that we clustered in the five categories, namely apoptosis, brain organization,
immune response, oxidative stress and viral replication (Figure 4). Figure 5 summarizes the
conclusion of our analysis. Indeed, in line with our study, the infection from SARS-CoV-2
significantly increases inflammation in response to viral entry. Consequently, oxidative
stress could be induced by hypoxia condition, and the physiological apoptosis should be
altered [51]. Taken together, all of these considerations suggest an increase in beta-amyloid
neurotoxicity and a worsening of neurodegeneration.
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Figure 5. Summary of the effects of COVID-19 in AD patients. The olfactory epithelium is the possible access route of
SARS-CoV-2 in the human brain; thus, the frontal cortex area should be the first brain region to be damaged from the
invasion. The comparative analysis of 14 individuals who died with AD against 5 patients who died from COVID-19
(AD+COVID-19) revealed a reduction in apoptosis that leads to a prolonged viral replication. Along with immune response
activation, SARS-CoV-2 increases the oxidative stress that culminates in enhanced beta-amyloid neurotoxicity.
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4. Materials and Methods
4.1. Cohort Selection

We retrieved from GEO repository the datasets PRJNA690013 [52] and PRJNA232669 [53]
that collect transcriptional data from frontal cortex.

The dataset PRJNA690013 collects 16 runs of individual sequences, using the Illumina
instrument NextSeq 500. The dataset consists of 7 controls and 9 patients who died of
COVID-19. Among the control individuals, 6 of them suffered from dementia. In addition,
6 of the patients with COVID-19 suffered from dementia. We did not download the
control run SRR13367152 and the COVID-19 run SRR13367158, because they suffered
only from vascular dementia. The remaining samples had dementia associated with AD.
Finally, this cohort was composed of 5 males and 9 females. Among them, cardiovascular
disease, diabetes, obesity, pulmonary disorders, vascular dementia and/or cancer were
comorbidities observed for 8 out of 10 patients.

To enlarge the cohort of control and AD patients, we used the dataset PRJNA232669
that collects 17 runs sequenced through Illumina instrument HiSeq 2500. The dataset
is made of 9 patients who suffered from advanced AD and 8 control individuals. No
information about sex or other comorbidities is provided for the dataset.

The aim of our work was to establish why AD patients with COVID-19 are likely to
be infected with SARS-CoV-2 and, eventually, worsen their condition, so we first com-
pared the cohorts of control against COVID-19 and then AD against AD+COVID-19 in-
dividuals. The control cohort is made of runs SRR2422918, SRR2422919, SRR2422920,
SRR2422921, SRR2422922, SRR2422923, SRR2422924, SRR2422925 (control individual of PR-
JNA232669) and SRR13367151 (control individual without dementia of PRJNA690013). The
runs SRR13367159, SRR13367161 and SRR13367162 (COVID-19 patients without dementia
of PRJNA690013) build the COVID-19 cohort. The AD cohort consists of runs SRR2422926,
SRR2422927, SRR2422928, SRR2422929, SRR2422930, SRR2422931, SRR2422932, SRR2422933,
SRR2422934 (AD patients of PRJNA232669) SRR13367150, SRR13367153, SRR13367154,
SRR13367155 and SRR13367156 (AD patients of PRJNA690013). The AD+COVID-19
cohort is made of runs SRR13367157, SRR13367160, SRR13367163, SRR13367164 and
SRR13367165 (COVID-19 patients with AD of PRJNA690013). In summary, the control,
COVID-19, AD and AD+COVID-19 cohorts have a mean age of 78.4, 79, 89.1 and 84.8 years
old, respectively.

4.2. Bioinformatics Analysis

The control, COVID-19, AD and AD+COVID-19 cohorts were downloaded by using
fastq-dump version 2.8.2 [54], and the quality check was confirmed with fastqc 0.11.4
(Babraham Institute, Cambridge, UK). The bases with a low quality score, along with
the adapters, were dropped with Trimmomatic 0.38 (Usadel Lab, Aachen, Germany) [55].
Then the reads were aligned against the GRCh38 human reference genome, using the
Spliced Transcripts Alignment to a Reference (STAR) RNA-seq aligner 2.7.3a (New York,
NY, USA) [56], and the transcripts count was obtained with the python package htseq-count
0.6.1p1 (European Molecular Biology Laboratory (EMBL), Heidelberg, Germany) [57]. We
extracted from the full list of transcripts identified as protein coding by using the biomaRt
2.40.5 [58] library in R 3.6.3 (R Core Team). Finally, the analysis of DEGs was performed
with DESeq2 library [59]. Two different lists of DEGs were obtained from the comparisons.
The first DEGs concern the control cohort against the COVID-19 cohort, whereas the second
DEGs are related to the AD cohort against the AD+COVID-19 cohort. Since the focus of
our work was the observation of all the DEGs that can alter the interactome stability, we
did not set any fold-change cutoff. In spite of the fold change, we used the post hoc
Benjamini–Hochberg correction to filter out the false positive DEGs with a q-value higher
than 0.05. We also used the libraries stringr and dplyr to handle the data structures. The
networks of DEGs were analyzed with the online web page of STRING [60,61]. To obtain
the highest quality of the networks, we set the highest confidence level (0.900) by using
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“Experiments” and “Database” as sources. The networks were then exported, customized
and inspected with Cytoscape 3.8.2 [62].

5. Conclusions

The COVID-19 pandemic induced by the SARS-CoV-2 especially worsens the condi-
tion of those suffered from chronic degenerative diseases, such as AD. In our work, the
transcriptomic and interactomic analysis revealed the impairment of processes that are
already known to be associated with AD condition, such as immune response, oxidative
stress and apoptosis. Herein, we speculated that SARS-CoV-2 can worsen the behavior
of the frontal cortex in patients with AD, increasing the neurotoxicity. Our hypothesis is
strengthened by the alteration of DEGs involved in apoptosis, brain organization, immune
response, oxidative stress and viral replication, as highlighted by the gene ontologies
of the biological process. In fact, in response to viral replication, immune response and
oxidative stress may enhance and consequentially increase the beta-amyloid neurotoxicity
in the brain.
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