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Abstract

SARS-CoV-2 infection begins with the attachment of its spike (S) protein to angiotensin-converting enzyme-2 (ACE2)
followed by complex host immune responses with cardiovascular and neurological implications. Our meta-analyses used
QIAGEN Ingenuity Pathway Analysis (IPA) and Knowledge Base (QKB) to investigate how the expression of amyloid pre-
cursor protein (APP) was modulated by attachment of SARS-CoV-2 S protein in the brain microvascular endothelial cells
(BMVECs) and during COVID-19 in progress. Published 80 host response genes reported to be modulated in BMVECs
following SARS-CoV-2 S protein binding were used to identify key canonical pathways and intermediate molecules medi-
ating the regulation of APP production following the attachment of S protein to endothelial cells. This revealed that the
attachment of SARS-CoV-2 S protein may inhibit APP expression in the BMVECs. Our results shed light on the molecular
mechanisms by which SARS-CoV-2 infection may potentiate the incidence of stroke by inhibiting the production of APP
in the BMVECs. We also analyzed molecules associated with COVID-19, which revealed six upstream regulators, TNF,
IFNG, STATI, IL1p, IL6, and STAT3. The upstream regulators mediate the increased production of APP via intermedia-
tors, with eleven regulated by all six upstream regulators. These COVID-19 upstream regulators increased APP expression
with a statistically significant Z-score of 3.705 (p value=0.000211). These findings have revealed molecular mechanisms
by which COVID-19 disease may lead to long-term neurological manifestations resulting from the elevated APP expression
in line with immune response in the host. Altogether, our study revealed two distinct scenarios which may have differential
impact on APP expression.

Keywords COVID-19 - Brain microvascular endothelial cells - Blood—brain barrier - Alzheimer’s disease -
Neuroinflammation

Introduction

Infection with severe acute respiratory syndrome coronavi-
rus-2 (SARS-CoV-2) is the cause of coronavirus disease 2019
(COVID-19) in over 150 million people (Organization 2020).
Common clinical symptoms of COVID-19 include respiratory
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issues, headaches, olfactory dysfunction, and delirium, and
2.1% of severe patients may experience acute ischemic strokes
(Kennedy et al. 2020; Merkler et al. 2020; Taquet et al. 2021).
A study on the post-infection outcomes of discharged patients
reported that up to 76% of patients experience at least one of
the symptoms six months after their release from the hospi-
tal, with 11% reporting loss of smell and 7% reporting taste
disorder (Huang et al. 2021a). In addition, many studies have
reported neurological pathologies associated with COVID-
19, including ischemia-derived central nervous system (CNS)
damage and cerebrovascular events, such as cerebral hemor-
rhagic or encephalitic incidences in hospitalized patients (Ellul
et al. 2020; Wu et al. 2020). Furthermore, common COVID-19
pathophysiological processes of hypoxia, cerebral hypoper-
fusion, cerebrovascular coagulation, cerebral microvascular
endothelia damage, dysregulation of the renin-angiotensin sys-
tem, and encephalitis may also augment the risks for chronic
neurological conditions (Miners et al. 2020).
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A critical component of cerebrovascular damage is the
disintegration of the blood-brain barrier (BBB). In par-
ticular, hypoxia/ischemia has been found to contribute to
the degradation of BBB through the activation of various
matrix metalloproteinases (MMPs), which break down
the basal lamina and tight junctions of the endothelium,
thereby disrupting the BBB (Yang and Rosenberg 2011).
The compromised BBB integrity allows for transport of
toxic amyloid-beta (Af), which may penetrate BBB and
get deposited into the CNS (Deane et al. 2003; Kitazawa
et al. 2005; Garwood et al. 2011; Walters et al. 2016).
ApB is a cleaved form of amyloid precursor protein (APP),
which is an integral membrane receptor found in many tis-
sues, including brain microvascular cells, and is believed
to play a role in cell adhesion, neuronal development,
and neural plasticity (d'Uscio et al. 2017; Montagna et al.
2017). Improper APP cleavage creates a toxic form of
AP monomer that aggregates to form A oligomers and
plaques. AP plaques are seen in cerebral amyloid angiopa-
thy (CAA), where they accumulate in brain arteries and
increase stroke occurrence (Zipfel et al. 2009; Biffi and
Greenberg, 2011). Loss of APP homeostasis within the
cerebral arteries, through APP deficiency, has also been
shown to trigger endothelial cell dysfunction both in vivo
and in vitro (d’Uscio et al. 2018; Ristori et al. 2020). Ap
plaques are also found in the brain of Alzheimer’s disease
(AD) patients, where they disrupt neural connections and
initiate immune responses that further induce neuronal
damage (Arai et al. 1991; Kinney et al. 2018). SARS-
CoV-2 infection has been reported to alter BBB integrity
(Reynolds and Mahajan 2021), and cerebral hypoperfusion
may accelerate the accumulation of AP (Shang et al. 2019;
Miners et al. 2020). Therefore, we hypothesized that APP
may be involved in COVID-19-associated neurological
manifestations, and this study was designed to investigate
in silico the molecular relationships between COVID-19
and APP, which would lay a basis for further studies that
investigate the expression of specific cleaved isoforms,
such as Ap.

The time from onset of COVID-19 symptoms to stroke
diagnosis varies from 0 to 130 days (Merkler et al. 2020;
Tu et al. 2021), which suggests that the development of
COVID-19-associated stroke may involve multiple fac-
tors contributing to short and/or long term susceptibility.
This highlights the importance of studies to evaluate and
understand how different stages of COVID-19 infection may
affect the activities of different key molecules contributing
to symptom manifestations. Therefore, our study used the
QIAGEN Ingenuity Pathway Analysis (IPA) bioinformatics
tools to conduct network meta-analysis to identify poten-
tial connections between SARS-CoV-2 infection and APP
expression. IPA utilizes QIAGEN Knowledge Base (QKB),

a comprehensive database containing over 7 million manu-
ally and automated curated findings from published litera-
ture. The QKB encompasses relationships connecting bio-
logical diseases; genetic expression; proteins, metabolites,
and chemicals; and processes including regulation, reaction,
expression, and ubiquitination.

It is well-established that COVID-19 pathogenesis
involves the initial attachment of SARS-CoV-2’s spike (S)
protein to angiotensin-converting enzyme-2 (ACE2), a cell
surface receptor and a key enzyme catalyzing the hydrolysis
of angiotensin II into angiotensin (Gheblawi et al. 2020;
Yang et al. 2020). ACE2 is not only found highly expressed
in the upper and lower airway epithelial cells and the lung
parenchyma, but also present in many other cell and tis-
sue types such as the brain stem, vascular endothelium,
kidney cells, and gastrointestinal tract (Yang et al. 2019,
2020; Gheblawi et al. 2020; Li et al. 2020; Rahman et al.
2021). Kaneko et al. recently examined the mRNA expres-
sion levels of a set of pre-specified 785 host response genes.
These genes are involved in pathways of homeostasis, adap-
tive immune response, host susceptibility, and interferon
response following the binding of the SARS-CoV-2 recom-
binant S-protein trimer to ACE2 receptor to human brain
microvascular endothelial cells (BMVECs). They reported
that the expression levels of 80 host response genes are
significantly altered (Kaneko et al. 2021). These 80 genes
were therefore used in our in silico analysis to examine
how SARS-CoV-2 infection may induce cerebrovascular
damage. IPA was used to characterize the 80 genes report-
edly modulated in BMVEC in response to the binding of
SARS-CoV-2 S protein. Among the 80 modulated genes,
12 were upregulated following S protein attachment
(Additional file 1: Table 1), and 68 were downregulated
after S protein attachment (Additional file 1: Table 2).
The 12 upregulated genes include cytokines, chemokines,
transmembrane receptors, and enzymes (Additional file 1:
Table 1). The 68 downregulated genes include signaling
kinases, enzymes, transcription regulators, cytokines,
chemokines, transporters, and transmembrane receptors
(Additional file 1: Table 2). With this already established
and published data, we investigated whether the molecules
affected by attachment of SARS-CoV-2 S protein may influ-
ence APP expression.

Considering that as the virus amplifies and COVID-19
symptoms progress, a cytokine storm may develop (Shi
et al. 2020; Tian et al. 2020), we therefore also studied the
impact of COVID-19 on expression of APP. By investigating
how APP expression is affected by molecules differentially
modulated in BMVECs following SARS-CoV-2 S-protein
binding and as COVID-19 progresses, our study sheds light
on the underlying molecular mechanisms by which COVID-
19 modulates APP expression.
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Methods and Materials
Ingenuity Pathway Analysis (IPA) Software

The IPA Analysis Match CL license utilized in this study
was purchased from QIAGEN and has been renewed annu-
ally since 2018 (QIAGEN Inc., Germantown, MD, USA,
https://www.qiagenbioinformatics.com/products). IPA is a
bioinformatics tool that was used to analyze data and bio-
logical processes using the QKB repository composed of
over seven million individually modeled relationships to pro-
duce and analyze networks through known metabolic and
signaling pathways. It also allows for the visualization and
exploration of omics data. The genes impacted by SARS-
CoV-2 were inputted into IPA for analysis. The data used
for this study were retrieved from February 4, 2021 to May
28, 2021.

Data Collection of IPA’s QIAGEN Knowledge Base
(QKB)

IPA is a bioinformatics tool that utilizes the QKB repository
to analyze, integrate, and provide an expansive and holistic
interpretation of data from various sources, ranging from
proteomics, metabolomics, RNA sequencing, miRNA, SNP
microarrays, and differential gene expression. QKB spans
across 40 public and proprietary databases curated and
maintained by many well-trained data collectors. It includes
an extensive network of published omics experiments and
more than seven million individually modeled relationships
that include diseases, drugs, genes, cells, tissue, and proteins
applied in various processes such as expression, phosphoryl-
ation, and cleavage. The structured and detailed biological
and chemical data in QKB are updated weekly with findings
from new clinical trials, emerging therapeutics, and recently
published primary literatures.

The Molecules Modulated Upon Binding
of SARS-CoV-2 S Protein to BMVECs

SARS-CoV-2 S protein has been reported to bind to
ACE2 receptor in BMVECs (Yang et al. 2020). Kaneko
et al. utilized direct RNA hybridization assays to exam-
ine the expression of 785 host genes following 24-h expo-
sure to 5 pg/mL of SARS-CoV-2 S protein. These host
genes encompassed those involved in homeostasis, adap-
tive immune response, host susceptibility, and interferon
response pathway, and reported that the expression of 80
genes was significantly altered in BMVEC:s following expo-
sure to SARS-CoV-2 S protein (Kaneko et al. 2021). These
80 genes were listed in Additional file 1: Tables 1 and 2; and
were uploaded to IPA as a dataset alongside their reported
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relative expression levels. Using IPA tools, the downstream
effects of these 80 genes were analyzed to examine how
SARS-CoV-2 infection may modulate the expression of
APP.

Identification of the Overlapping Molecules
Between the 80 Genes Affected by SARS-CoV-2
Infection, COVID-19, and APP

IPA’s “Grow” tool was utilized to generate a set of genes,
chemicals, proteins, and data node points associated with
the BMVEC modulated genes and APP, via QKB. This tool
expanded the molecules affected by each gene of choice in
the pathway. Because chemical drugs and toxicants are not
naturally found in a biological system, IPA’s “Trim” tool was
used to eliminate all chemicals and toxicants from the data-
set; this ensured that a biological system was replicated as
accurately as possible. IPA’s “Path Explorer” tool was used
to discover the shortest path between the 80 molecules and
APP, thereby identifying the overlapping molecules between
the expanded sets of genes. This was also used to identify
overlapping molecules between the molecules affected by
COVID-19 and those associated with APP.

“Molecule Activity Predictor (MAP)” Simulation

IPA’s “MAP” tool was used on the molecules connected to
APP to simulate how the activation or inhibition of those
molecules would influence APP expression. The tool was
used to simulate changes, such as transcription, activation,
inhibition, or phosphorylation. This could identify how the
impact of SARS-CoV-2 S protein binding on the 80 modu-
lated genes would consequently influence APP expres-
sion, and how the activation of the upstream regulators of
COVID-19 would influence APP expression.

Identification of COVID-19 Upstream Regulators
and Canonical Pathways Through the “Core Analysis”

IPA’s “Grow” tool was utilized to generate a set of genes,
chemicals, proteins, and data node points associated with
COVID-19 and APP. This tool identified and added all the
known intermediate molecules in QKB connecting COVID-
19 to APP onto a pathway. The intermediate connections
that were not naturally occurring, including chemical drugs
and toxicants, were removed from the pathway to accurately
represent the human biological system (Fig. 5). All remain-
ing molecules connecting developed COVID-19 to APP in
the synthesized pathway were compiled to form a list. “Core
Analysis” was performed on this dataset which focused on
“Expression Analysis”. The “Core Expression Analysis”
revealed which canonical pathways within the molecular
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dataset were statistically predicted to be involved using
a —log(p value) calculated by the Benjamini—Hochberg
Corrected Fisher’s Exact test. The “Expression Analysis”
also predicted which “Diseases and Biological Functions”
the dataset would be involved in. Another feature was the
“Upstream Analysis” which includes the top upstream regu-
lators of a given dataset. The dataset of the 79 overlapping
molecules between COVID-19 and APP revealed a series of
upstream regulators. [PA’s identified upstream regulators are
genes that have a downstream genetic cascade discovered to
have a statistically significant overlap with a dataset. Thus,
the upstream regulators found for this dataset can serve as
genetic placeholders for COVID-19 for any subsequent anal-
ysis on this dataset; these regulators can help explain the
biological actions occurring within cells. The top 6 upstream
regulators were chosen as they had the most overlap with
the molecules within the dataset; they were also found to be
impacted by COVID-19 in various studies.

Quantitative Analysis of the Impact of COVID-19
Upstream Regulators on APP Expression

This study utilized the “Downstream Effect Analysis” algo-
rithm, as described by Kramer et al. (2014), to provide a
quantitative perspective on the extent of how much APP
expression was impacted by the six upregulated COVID-
19 upstream regulators. The individual contribution weight
of each connection between the 6 upstream regulators and
the 11 intermediates on APP expression was computed. The
algorithm used QKB references as data points to confirm
a confidence for the change in APP expression upon the
upregulation of the 6 COVID-19 upstream regulators.
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The formulas identified by Krdmer were used to compute
a Z-score for the individual involvement of each intermedi-
ate downstream of the upstream regulators on APP expres-
sion. The range of Z-scores that reflects the individual

z2(r) =

expression change caused by a molecule is between — 2 and
2; the low end, — 2, indicates a strong inhibitory relationship
and the high end, 2, indicates a strong activation relation-
ship. Each intermediate is considered to be an edge, e, in
any given relationship with an upstream and downstream
molecule. The f € F(e) of each edge reflects data points
stored in QKB upstream and downstream of it. s(e) identi-
fies the overall sign of a particular direction from the edge,
ranging from {—1, 0, 1}; w(e) identifies the weight of the
edge, ranging from {0, 1} (Alabed et al. 2021). The data
points plugged into the formulas use the findings, f, in QKB,
with either a 1 for a positive relationship or a -1 for a nega-
tive relationship. S, is the sign of the upstream molecule in
one particular relationship {— 1, 1}. z(r) reflects the overall
change in expression of the target molecule in a relation-
ship, which is computed by combining the values obtained
upstream of an edge, e, and downstream of that same edge, e.
The same z(r) formula was used to compute an overall
Z-score of the impact of each upstream regulator on APP
expression by aggregating the individual Z-scores of the
intermediates with a slight difference. Wy, which corre-
sponds to w(e) in the individual Z-score computation, now
corresponded to s(e), which can only be {—1, 1}. The same
calculations were then performed (Alabed et al. 2021).
Furthermore, another formula was used to compute an
overall Z-score of the entire network by combing all 6 overall
Z-scores of each upstream regulator. The formula is outlined
by Stouffer and computes a Z-score by aggregating indepen-
dently found Z-statistics into a two tailed standard normal
distribution (Stouffer et al. 1949; WHITLOCK 2005).

Zy= ——— )

Zy is the overall Z-score of the two-tailed standard normal
distribution; Z; is the individual one tailed Z-score; and k
is the total number of individual Z-scores in the standard
normal distribution (Alabed et al. 2021).

Results

Molecules Affected by Attachment of SARS-CoV-2 S
Protein that Influence APP Expression

The 80 genes modulated in BMVECsS following the attach-
ment of SARS-CoV-2 S protein identified by Kaneko
et al. were uploaded into IPA. 13,447 molecules and
chemicals were found to be associated with these 80 genes
(Fig. 1A). Similarly, 4058 molecules and chemicals were
found to be associated with APP in QKB. Among these two
datasets, 1671 molecules and chemicals were found to be
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downstream of the 80 modulated genes and upstream of
APP. Because chemicals and drugs are not found naturally
in a biological system, the fifty-three chemicals and drugs
were then removed from this set of 1671 molecules to rep-
licate the biological system as accurately as possible, which
produced a dataset of 1618 biological molecules that connect
early modulation of BMVECs by S protein to downstream
APP production. Lastly, the molecules that did not connect
SARS-CoV-2 to APP via a relationship that could alter APP
expression were trimmed, producing a dataset of 165 mole-
cules (Fig. 1A). This final dataset of 165 molecules consisted
of molecules discovered to be affected by binding of SARS-
CoV-2 S protein to BMVECs and to also influence APP
expression within BMVECs (Additional file 1: Table 3).
Figure 1B shows how the final dataset of 165 molecules is
composed of distinct and shared molecules from the down-
regulated and upregulated genes.

The Top 15 Canonical Pathways Implicated

by the 165 Overlapping Intermediates Between
Molecules Associated with SARS-CoV-2 S Protein
Binding and APP

The biological mechanisms and pathways affected by the
attachment of SARS-CoV-2 S protein to BMVECs and APP
were investigated by running a “Core Expression Analysis”
on the 165 overlapping molecules connecting them. Figure 2
shows the top 15 canonical pathways found to be involved
with the dataset of the 165 overlapping molecules connect-
ing the 80 SARS-CoV-2 S protein-modulated BMVEC
genes to APP. These pathways included LXR/RXR Activa-
tion, Role of Macrophages, Fibroblasts and Endothelial Cells
in Rheumatoid Arthritis, Acute Phase Response Signaling,
Atherosclerosis Signaling, and Neuroinflammation Signal-
ing Pathway.

To confirm that the canonical pathways identified
above were specific to SARS-CoV-2 S protein binding
and APP expression, the top 6th canonical pathway (p
value <4.96E10-21), Colorectal Cancer Metastasis Signal-
ing, was selected as a negative control since it is the most
significant canonical pathway with no a-priori associations.
Connecting this Colorectal Cancer Metastasis Signaling
pathway and APP identified 14 overlapping molecules.
Canonical pathway analysis of these 14 overlapping mol-
ecules found that none of their top 15 canonical pathways
overlap with those shown in Fig. 2, except for the Colorectal
Cancer Metastasis Signaling pathway. This negative control
analysis further validated that the top 15 canonical pathways
shown in Fig. 2 were specifically related to SARS-CoV-2
S protein binding and APP expression rather than random
associations.

@ Springer

The Impact of the 165 Overlapping Molecules
Associated with SARS-CoV-2 S Protein-Modulated
Genes on APP Expression

The “MAP” tool was used to simulate the activation of the 80
modulated genes according to their reported relative expres-
sion levels following SARS-CoV-2 S protein binding (Kaneko
et al. 2021). Among the 12 genes upregulated in response to
SARS-CoV-2 S protein binding, 8 molecules, CD163, CXCLS,
EBI3, IL9, IL15, ITGAL, OSM, and TNFRSF17, were found
to increase APP expression, while C3 was found to inhibit
APP expression. The remaining 3 molecules, APOBEC3G,
CCLS, and CCL24, had no direct or intermediate relationship
that influenced APP expression and, therefore, had no lines
connecting them with APP. Figure 3A shows the direct rela-
tionships (1) and relationships with a single intermediate mol-
ecule (119) between the 12 genes and APP identified through
QKB. 68 molecules were found to mediate the effects of the
12 genes upregulated by SARS-CoV-2 S protein binding on
APP expression in BMVECs.

The impact of the 68 downregulated genes following
SARS-CoV-2 S protein binding in BMVECSs on APP expres-
sion was also investigated. Figure 3B shows that the 68 down-
regulated genes may influence APP through 158 intermedi-
ate molecules. Figure 3B shows the direct relationships (7)
and relationships with a single intermediate molecule (740)
between the 68 genes and APP identified through QKB. The
“MAP” tool was then used to simulate the downregulation
of those genes as reported in the study (Kaneko et al. 2021),
which resulted in an overall decrease in APP expression. Of
the 68 genes downregulated in response to SARS-CoV-2 S
protein binding, 52 were shown to alter APP expression and
16 had no predicted effects on APP (Fig. 3B).

The overall impact of the 12 upregulated genes and the
68 downregulated genes by SARS-CoV-2 binding was then
combined to provide a holistic view of the change in APP
expression following SARS-CoV-2 infection and modula-
tion of those genes. Figure 4 shows that the 80 modulated
genes may influence APP through 165 intermediate mol-
ecules. These 165 intermediate molecules are the nodes
identified in Fig. 1A. The 165 intermediate molecules con-
sist of 7 intermediates unique to the 12 upregulated genes;
97 intermediates unique to the 68 downregulated genes; 61
intermediates that are shared by both the 12 upregulated
and 68 downregulated genes (Fig. 1B). Figure 4 shows
the collective effects from 80 genes modulated by SARS-
CoV-2 binding in BMVECs. The “MAP” tool was used to
simulate the relative expression fold changes of these 80
modulated genes in BMVECs. APP expression was found
to be strongly inhibited by these 80 modulated genes in
BMVECs.
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Fig.1 The identification process and composition of the 165 mol-
ecules connecting the 80 genes modulated by the binding of SARS-
CoV-2 S protein and APP. A Flow chart of the stepwise process to
identify the 165 molecules associated with the 80 genes modulated by

the binding of SARS-CoV-2 S protein to BMVEC, and also influence
APP expression; B Venn diagram displaying the makeup of the 165
genes with respect to the 12 upregulated genes and 68 downregulated
genes
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Fig.2 Top 15 canonical pathways in the network of all known connections between the 80 genes modulated by binding of SARS-CoV-2 to

BMVEC and APP

Identification of COVID-19 and APP Overlapping
Molecules

IPA’s “Grow” tool was used to expand the molecules
affected by COVID-19 and APP, respectively, based on
the data stored in QKB. A total of 438 molecules were
identified to be affected by COVID-19 and 4096 molecules
were found to be affected by APP. Of those, 79 molecules
were found to overlap between both COVID-19 and APP
(Fig. 5). A “Core Analysis” was run on the 79-molecule
dataset, revealing a series of upstream regulators listed in
order of highest overlap with the molecules in the dataset
(Table 1). The top six molecules were tumor necrosis
factor (TNF), interferon gamma (IFNG), signal transducer
and activator of transcription 1 (STAT1), interleukin 1
beta (IL1p), interleukin 6 (IL6), and signal transducer and
activator of transcription 3 (STAT3).

Molecules Affected by the COVID-19 Upstream
Regulators and APP

The molecules affected by each of the upstream regulators
were added into separate pathways and connected to APP
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using the “Path Explorer” tool. TNF was an upstream reg-
ulator for a total of 44 molecules of the 80-molecule data-
set; IFNG overlapped with 39 molecules; IL1P and IL6
overlapped with 39 molecules; STAT1 and STAT3 over-
lapped with 33 molecules. The “MAP” tool was used to
simulate the upregulation of those upstream regulators as
COVID-19 infection causes an increase in the expression
of those regulators. Figures 6A—D show the categorization
of those molecules in the following order: the top cluster
includes molecules that are downstream from TNF, IFNG,
IL-1p/IL6, STAT1/STAT3 (the upstream regulators),
respectively, but also downstream from APP; the middle
cluster includes molecules with no determined expression
change either by TNF, IFNG, IL-1p/IL6, STAT1/STAT3
(upstream regulators) or on APP expression; the bottom
cluster includes the intermediates that exhibited change
in expression upon the upregulation of the TNF, IFNG,
IL-1p/IL6, STAT1/STAT3 (upstream regulators), and also
had a known influence on APP expression.

To investigate how these 6 upstream regulators would
influence APP expression when acting together, the overlap-
ping molecules with a defined relationship from the upstream
regulators and a known influence on APP from each pathway



Journal of Neuroimmune Pharmacology (2021) 16:756-769

763

U

CD163

‘ Os ase u u | ¥

APOBEC3G CCL8 CCL24ITGAL TNFRSF17 OSM

C v L |

Cytokine/Growth Factor
Enzyme

Other

Peptidase

Transmembrane Receptor
Other

68 Intermediary molecules
—— Direct Relationship

= = |ndirect Relationship

[ ] Name Label

s
=

158 Intermediary molecules
— Direct Relationship

— = Indirect Rolatonship.

] Name Label

(b)

Fig.3 Potential pathways connecting the 12 upregulated and 68
downregulated genes in BMVEC following SARS-CoV-2 S pro-
tein attachment and APP. A “MAP” simulated activation of the 12
genes according to their relative expression fold changes, leading to

| W
CXCL8 @
v

Prediction Legend
more extreme

@  Upregulated O
@D  Downregulated
more confidence

@ Predicted activation
@ Predicted inhibition €

Predicted Relationships

Leads to activation

== Leads to inhibition
Findings inconsistent
with state of downstream
molecule

— Effect not predicted

— - y ) o
PDHB ATPGV1B2 CYSTM1 NDUFS8 LTAGH
b N «
N =
8 TRAM1 CEUNE, @FA@
~ =
P - =
PIK3CD IGFBPT
v 4

Prediction Legend
more extreme less

Upregulated O
@D Downregulated

more conficence
@D Predicted activation (D
@D Predicted inhibiton @D

less.

Predicted Relationships
Leads to activation

Leads to inhibition
Findings inconsistent
with state of downstream
molecule

—— Effect not predicted

increased APP production directly or indirectly via 68 intermediary
molecules; B “MAP” simulated decrease of the 68 genes according to
their relative expression fold changes, leading to decreased APP pro-
duction directly or indirectly via 158 intermediary molecules
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Fig.4 Influence of the 80 SARS-CoV-2 S-protein-modulated genes
in BMVEC on APP expression. “MAP” simulated modulation of the
80 genes according to their relative expression fold changes, resulted

(Fig. 6) were taken and put together. Figure 7A shows the
holistic impact of the 11 overlapping intermediates between
TNF, IFNG, IL1B, IL6, STAT1, STAT3 on APP expression.
The 11 overlapping intermediates include genes that exhib-
ited a change in expression upon the upregulation of TNF,
IFNG, IL-1p/IL6, STAT1/STAT3 (upstream regulators), and
also had a known influence on APP expression. The “MAP”
tool was used to simulate the upregulation of the 6 upstream
regulators, which resulted in an overall increase in APP
expression.
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Fig.5 Flow chart for the analysis of COVID-19’s impact on APP
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in the inhibition of APP expression. This inhibition occurred through
165 intermediary molecules, represented in the figure through the
intermediary molecule nodes

“Core Analysis” of the 11 Intermediates Between
the COVID-19 Upstream Regulators and APP

A dataset of the 11 intermediates from Fig. 7 was created and
“Core Analysis” was run. The analysis identified the canonical
pathways in which the 11 intermediates overlap. Figure 7B lists
the canonical pathways in order of decreasing —log(p value).
The most significant signaling pathway was the Acute Phase
Response Signaling pathway, with a p value of 2.81E—15; the
second most significant canonical pathway was the Neuroinflam-
mation Signaling Pathway, which had a p value of 3.34 E—11.
In order to assign weights to the impact of the 6 identified
COVID-19 upstream regulators on APP following “MAP”
activation, Z-scores were calculated using the “Downstream
Effect Analysis” algorithm described by Krimer et al. (2014).
The algorithm computes a Z-statistic based on the consist-
ency of the expression and directional changes of each rela-
tionship with the scientific literature stored in QKB as data
points. A total of 322 references of prior known scientific
literature were used as data points to calculate how the upreg-
ulation of the 6 COVID-19 upstream regulators contribute
to the change in APP expression. Figure 8 shows the overall
Z-score for each upstream regulator; the overall Z-score of
each upstream regulator was calculated by aggregating the
individual Z-scores of each individual intermediate down-
stream of each upstream regulator, which can be referred
to in Additional file 1: Table 4. Among the 6 COVID-19
upstream regulators, IL6 and STAT1 were found to affect
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Fig.6 Molecules affected by COVID-19 Upstream Regulators and
APP. A TNF was revealed as an upstream regulator with the most
significant p-value of 1.85E—28. There was a total of 44 intermedi-
ates, 13 of which were downstream from APP, 23 had no deter-
mined impact by TNF or on APP, and 8 were impacted by TNF and
influenced APP expression; B IFNG was revealed as an upstream
regulator with a p-value of 3.6E—27. There was a total of 39 inter-
mediates, 10 of which were downstream from APP, 19 had no deter-
mined impact by IFNG or on APP, and 11 were impacted by IFNG
and influenced APP expression. C IL1B and IL6 were revealed as

APP expression with a Z-score of higher than 2, while TNF,
IL1pB, and STAT?2 had a Z-score between 1 and 2; lastly,
IFNG had the lowest, but still positive Z-score of 0.577.

./ GytokinelGrowth Factor
G-protein Coupled Receptor
~ Ligand-dependent Nuclear Recaptor
 Peplidase
| Transcription Regulator
| Transiaion Regulator
" Transmembrane Receptor
| Transporter
) Other
— Direct relationship
= Indirect rlationship
[_] Name fabeis

=
e -
U\ p NRICT
S

AT F
P
v
=3 =5
S S
T \\\}.'
T [ BN, orocticssa

Fig. 7 The holistic impact of the 6 COVID-19 upstream regulators on
APP expression and top 15 canonical pathways of the 11 intermedi-
ates. A After combining the intermediates of each of the upstream
regulators into one pathway, the “MAP” tool was used to simulate
the activation of TNF, IFNG, IL1B, IL6, STAT1, and STAT3. The
resulting impact on the 11 intermediates led to an increase in the
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upstream regulators with a p-value of 3.23E—24 and 8.35E-22,
respectively. There was a total of 39 intermediates between both, 10
of which were downstream from APP, 20 had no determined impact
by IL1B and IL6, or on APP, and 9 were impacted by IL1B or IL6
and influenced APP expression. D STAT1 and STAT3 were revealed
as upstream regulators with a p-value of 9.35E—27 and 1.15E-20,
respectively. There was a total of 33 intermediates between both, 11
of which were downstream from APP, 16 had no determined impact
by STAT1 or STAT3, or on APP, and 6 were impacted by STAT1 and
STATS3 and influenced APP expression

The results indicated an increase in APP expression with
an overall calculation that gave a Z-score of 3.705 (Stouffer
et al. 1949; Kramer et al. 2014), which corresponds to a
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expression of APP; B The “Core Analysis” of the 11-molecule data-
set, obtained from the overlapping molecules of COVID-19 upstream
regulators and APP, revealed a list of canonical pathways in which
they overlapped. The top canonical pathway was the Acute Phase
Response Signaling, following by the Neuroinflammation Signaling
pathway
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Fig.8 Individual contribution
of the 6 COVID-19 upstream
regulators on APP expression.
The overall change in APP
expression by the upregulation
of the 6 COVID-19 upstream
regulators was measured by
the individual involvement,
z(r), of each of the 6 upstream
regulators
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p-value of 0.000211 in a two tailed hypothesis, suggesting
that the likelihood of finding equally strong consistency of
the results occurs at a less than 1% chance.

Discussion

In this study, we sought to explore and comprehend the
molecular mechanisms by which SARS-CoV-2 S protein
attachment modulates APP expression in BMVEC, and
COVID-19 modulates the expression of APP. Our network
meta-analysis revealed that SARS-CoV-2 infection may
cause differential expression of APP at different stages
of viral infection. The initial attachment of SARS-CoV-2
S protein modulates the expression of host response
genes including the 80 reported by Kaneko et al. (2021).
Our results show that the altered expression of these 80
genes may result in an overall inhibition on APP expres-
sion in BMVEC. This decrease in APP expression inside
BMVECSs may lead to the disruption of brain vascular
endothelial integrity. Such endothelial disruption has
been known to cause worsened stroke outcomes and has
recently been implicated as an underlying factor involved
in COVID-19’s increased cerebrovascular events (d’Uscio
et al. 2018; Ristori et al. 2020). Because COVID-19’s hall-
mark symptoms can manifest days after initial exposure,
we analyzed how APP would be affected during this later
viral infection stage. Using molecules found to be sta-
tistically significant upstream regulators modulated by
COVID-19, we found that the activated pathways found
in a SARS-CoV-2 infection strongly activated APP expres-
sion. Depending on where SARS-CoV-2-induced increase
of APP expression occurs, patients can be at higher risk
for neurogenerative diseases and CAA.

@ Springer

To investigate SARS-CoV-2’s effects during the initial
stage of infection, we used the reported unique genetic
profile of the reported 80 host response genes modulated
in BMVEC following SARS-CoV-2 S protein attach-
ment (Kaneko et al. 2021). The implications on APP from
SARS-CoV-2 S protein attachment through these modu-
lated genes were analyzed through a stepwise categorization,
which revealed that 165 overlapping molecules, associated
with the 80 modulated genes, influenced APP expression.
Running this group of 165 overlapping molecules in the
“Core Expression Analysis” tool allowed us to identify
which canonical pathways were involved in the effects fol-
lowing the initial binding of SARS-CoV-2 S protein on
APP (Table 1). Key pathways included the “Acute Phase
Response Pathway” involved in the early cellular responses
following viral or bacterial detection. Both the “Neuroin-
flammation Signaling” and “HMGB1 Signaling” pathways

Table1 List of top 10 upstream regulators identified by the “Core
Analysis” of the 79 overlapping molecules between COVID-19 and
APP; the regulators are listed in the order of most significant p-value
of overlap

Upstream regulator ~ Molecule type p value of overlap
TNF Cytokine 1.85E-28
IFNG Cytokine 3.6E-27
STAT1 Transcription regulator 9.35E-27
IL1p Cytokine 3.23E-24
IL6 Cytokine 8.35E-22
STAT3 Transcription regulator 1.15E-20
L4 Cytokine 1.26E—-19
TLR3 Transmembrane receptor ~ 2.33E—18
IRF1 Transcription regulator 7.12E-18
Interferon alpha Group 9.16E—-18
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involve BBB homeostasis. As explained previously, the
experienced decrease in brain endothelium APP following
SARS-CoV-2’s attachment can consequently induce BBB
disruption (d’Uscio et al. 2018; Yang et al. 2019). In addi-
tion, the “Production of Nitric Oxide and Reactive Oxygen
Species in Macrophages” pathway was also found among the
top 15 canonical pathways. Although the study by Kaneko
et al. was conducted in BMVECs, APP protection of brain
endothelial stability involves maintaining eNOS expression
(d’Uscio et al. 2018; Ristori et al. 2020), which explains why
the 165 overlapping molecules identified in our analysis also
involved Nitric Oxide pathways.

Though individually not all of the 80 genes modulated
by SARS-CoV-2 binding to ACE2 in BMVEC affected
APP expression, the overall effects of these 80 modulated
genes were predicted to inhibit APP expression (Fig. 4). This
holds direct biological implications to BBB homeostasis and
subsequent pathological manifestations. Disruption of APP
homeostasis has been known to cause endothelial cell dys-
function within cerebral arteries (d’Uscio et al. 2018; Ristori
et al. 2020), which may lead to neuroinflammation, neuro-
degeneration (Obermeier et al. 2013), and worsened stroke
outcomes as reported in COVID-19 patients (Yang et al.
2019). While the increased incidence of stroke in COVID-
19 patients may be multifaceted and may take place early
on and months after SARS-CoV-2 infection, the decrease in
APP within BMVECs and subsequent endothelial dysfunc-
tion may help explain the increased stroke at earlier stages
of SARS-CoV-2 infection.

It should also be noted that although these findings are
based on the unique genetic profile in BMVEC following the
binding of SARS-CoV-2 S protein to ACE2 receptor, ACE2
receptor is expressed in many tissues throughout the body
including the gastrointestinal tract, kidney cells, lung tis-
sue, some neural tissue, and microvascular endothelial cells.
Thus, it is likely that the ACE2 expressing tissues where
SARS-CoV-2 can attach may have a similarly modulated
genetic profile and therefore exhibit inhibition of APP expres-
sion. Areas that APP expression has been reported includes
basal ephemeral cells, human adipocytes, gastrointestinal
tract enterocytes, neurons, and the adrenal glands (Arai et al.
1991; Puig and Combs 2013) The effect of this inhibition in
respect to the manifestation of COVID-19 symptoms ulti-
mately depends on the role of APP in cellular homeostasis.

As SARS-CoV-2 infection progresses, the host continues
to mount on the immune response. This development may
lead to host immune responses with hyperactive cytokine
release causing inflammatory driven damage. Analysis
of COVID-19’s associated markers later in the course of
SARS-CoV-2 infection revealed upstream regulators that
caused an increase in APP expression. Our analysis revealed
two distinct scenarios which may have differential impact on
APP expression. During the initial viral transmission phase,

the attachment and transmission of SARS-CoV-2 take place
without significant pre-existing inflammatory factors, and
APP expression may be decreased (Shi et al. 2020; Tian
et al. 2020). The ensuing SARS-CoV-2 infection stage with
excessive production of pro-inflammatory cytokines and
inflammatory damage is expected to cause an increase in
APP expression.

Figure 6 shows that COVID-19 increased the activities
of TNF, IL1p, IL6, and IFNG. Clinical data show that ele-
vated levels of TNF are associated with a higher COVID-19
mortality, Anti-TNF therapy has been used to reduce the
severity of COVID-19 outcomes and deaths (Robinson et al.
2020). Elevated levels of TNF and other cytokines, such as
IFNG and IL1p, can stimulate y-secretase directly, which in
turn increases the production of Af in the brain (Liao et al.
2004). It would be worthwhile to develop further studies on
how the modulation of TNF, IL1p, IL6, and IFNG during
COVID-19 may affect the activities of different secretases
responsible for cleaving APP into various isoforms of Af
(Nunan and Small 2000; Zhang et al. 2011), which may help
to understand how the dysregulated cytokine production
during COVID-19 might manifest in different neurological
pathologies.

The buildup of APP and subsequent AP plaque levels in
the later stages of COVID-19 patients has various short-and
long-term implications. Patients who have COVID-19-induced
APP buildup may exhibit increased artery blockage, throm-
bosis events, ischemic strokes, and neurodegenerative dis-
ease prevalence. Multiple APP-related diseases such as CAA
directly rely on the buildup of Af, which is the cleaved product
of APP (Biffi and Greenberg 2011; Ghiso et al. 2014). Fur-
thermore, AP plaque buildup could occur naturally over time,
and CAA symptoms have been reported to naturally bolster
with age (Biffi and Greenberg 2011). Aging has been iden-
tified as a neuroinflammatory process; neuroinflammation is
known to lead to the onset and progression of neurodegen-
erative diseases, including AD (McManus and Heneka 2017,
Bossu et al. 2020; Huang et al. 2021b). Moreover, it has been
reported that the number of naive T-cells decreases with age,
which is thought to be one of the factors contributing to a
decreased capacity to induce an immune response follow-
ing new infections (McManus and Heneka 2017); moreover,
AD patients have also been reported to have significantly low
levels of naive T-cells (McManus and Heneka 2017). These
findings may help to explain why older COVID-19 patients
may likely experience worsened AP plaque related symptoms
and outcomes, and experience higher COVID-19 mortality
rate. On the other hand, it is likely that the observed increase
of ischemic incidence immediately following SARS-CoV-2
infection within younger populations may be due in part to a
greater degree to the APP-triggered endothelial disruption in
BMVEC instead of A plaque deposits. This is because while
the buildup and subsequent effects of Ap plaque deposits can
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take time to develop, if not already present, endothelial dys-
function requires no prerequisites and thus consequences can
be more easily seen in younger populations.

SARS-CoV-2 pathophysiology may be marked by two dis-
tinct stages: an initial period of heightened virus propagation
and infection via ACE2 receptors; then, a second phase of
uncontrolled cytokine and inflammatory damage (Trougakos
et al. 2021). Considering the broader consequences of COVID-
19 infection, the predicted buildup of APP later in COVID-19
can lead to an increase in neurodegenerative disease prevalence.
APP proteins can be broken down to form A peptides which
form plaque deposits (Roberts et al. 1994; Verdile et al. 2004;
de Paula et al. 2009). If Af is deposited as plaques within the
brain, the signaling process can be interrupted and neuronal
damage may occur. Similar to how overactive C3 causes neural
damage in an attempt to remove TAU tangles near neurons,
the attempt of immune activation to remove these A plaques
could lead to neuronal damage and thus increase neurode-
generative disease risk. This suggests that SARS-CoV-2 may
lead to increased neurodegenerative disease risk, such as AD,
stemming from the buildup of APP during COVID-19 with
enhanced production of upstream regulators, such as TNF,
IFNG, STAT1, IL1, IL6 and STAT3.
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