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The coronavirus disease 2019 (COVID-19) pandemic has
caused over 600,000,000 infections globally thus far. Up to
30% of individuals with mild to severe disease develop long
COVID, exhibiting diverse neurologic symptoms including de-
mentias. However, there is a paucity of knowledge of molecular
brain markers and whether these can precipitate the onset of
Alzheimer’s disease (AD). Herein, we report the brain gene
expression profiles of severe COVID-19 patients showing
increased expression of innate immune response genes and
genes implicated in AD pathogenesis. The use of a mouse-
adapted strain of SARS-CoV-2 (MA10) in an aged mouse
model shows evidence of viral neurotropism, prolonged viral
infection, increased expression of tau aggregator FKBP51,
interferon-inducible gene Ifi204, and complement genes C4
and C5AR1. Brain histopathology shows AD signatures
including increased tau-phosphorylation, tau-oligomerization,
and a-synuclein expression in aged MA10 infected mice. The
results of gene expression profiling of SARS-CoV-2-infected
and AD brains and studies in the MA10 aged mouse model
taken together, for the first time provide evidence suggesting
that SARS-CoV-2 infection alters expression of genes in
the brain associated with the development of AD. Future
studies of common molecular markers in SARS-CoV-2 infec-
tion and AD could be useful for developing novel therapies
targeting AD.

INTRODUCTION
Alzheimer’s disease and related dementias (ADRDs) are the most
crippling cognitive threat to our aging population. By 2050, it is ex-
pected that the United States will spend $1.2 trillion to maintain
the constantly deteriorating quality of life of 16 million Americans
with AD,1 including 5.5 million Americans age 65 and older. There
is no effective treatment or cure for ADRDs, and this is partly due
to poor understanding of the underlying mechanisms and the diverse
risk factors. Clinically, AD manifests as progressive cognitive decline
and worsening memory deficits,2 which have been critically linked to
the aberrant accumulation of tau protein in neurons.3–5
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Inflammaging is another common hallmark of ADRD, which can
be exacerbated by the state of chronic inflammation triggered by
pathological microbes, including viruses and their toxic metabo-
lites. Previously, the “infectious AD hypothesis” was proposed
based on the reactivation of neurotropic viruses such as herpes
simplex virus (HSV), cytomegalovirus (CMV), and human herpes
virus (HHV)6, which caused the deposition of protein aggregates
leading to cognition impairment.6 Also, the 1918 influenza
outbreak reportedly resulted in a significant increase in Parkin-
son’s disease cases in years following.7 Epidemiological and labo-
ratory rodent studies show the potential for respiratory viruses
to have a neurological impact, sometimes in the absence of direct
viral infection in the central nervous system (CNS).8 Although the
precise mechanisms are poorly understood, it has been suggested
that infections induce innate immune activation, causing neuroin-
flammation, which, in turn, promotes tau pathogenesis.9–12 Micro-
glia can become activated by tau oligomers, thus promoting a feed-
forward cycle of inflammation and neurotoxicity.13 Once a positive
regulatory loop between tau production and inflammation is estab-
lished, the progression to ADRDs is no longer dependent on the
initial cause of inflammation.

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has
caused the coronavirus disease 19 (COVID-19) pandemic with
�600 million confirmed infections thus far14 and with long-term
sequelae (long COVID) presenting in a significant proportion of in-
fected individuals.15 A subgroup of severe long-COVID cases show a
major neurological component with evidence of neuroinvasion
correlating with death.16 About 80% of CoV-2-infected patients
show CNS manifestations including dizziness, headache, loss of
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Figure 1. Transcriptomic changes observed in the

frontal cortex of severe COVID and AD brains

(A) Mean diff plot showing significantly upregulated (red)

and downregulated (green) genes in AD brains versus

control brains. (B) MA plot showing significantly upregu-

lated (red) and downregulated (green) genes in COVID-19

versus control brains. (C) Differentially expressed genes

in each dataset sorted into Gene Ontology (GO)

pathways (Panther-db). Pathways containing at least 10

differentially expressed genes from each dataset are

shown. Please see supplemental information for

complete gene list.
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smell/taste, impaired consciousness, ataxia, epilepsy, encephalitis,
and acute cerebrovascular disease, which are 40% more common
in severe COVID-19 cases than in mild disease.17–20 COVID-19 is
also associated with ischemic stroke,21,22 encephalopathy,19,23, syn-
cope,24 fluid-attenuated inversion recovery (FLAIR) hyperinten-
sities,25 and brain stem infections.26 A comparison of magnetic reso-
nance images (MRIs) in 51- and 81-year-old subjects before and
after CoV-2 infections revealed significantly decreased orbitofrontal
cortex thickness.27 Moderate and severe COVID-19 have been asso-
ciated with changes in brain structure and blood flow.27,28 Despite
progress made, there is a paucity of knowledge regarding the cellular
and molecular mechanisms by which the CoV-2 infection impacts
the brain. There is an urgent unmet need to identify whether these
changes lead to ADRD so that effective therapeutic interventions
can be developed to ameliorate risk for ADRD following CoV-2
infection.

Previously, bioinformatic analyses of gene expression changes in
COVID-19 patients identified significant immune dysregulation
involving complement activation.29 Also, CoV-2 contains 16 non-
structural proteins and 8 open reading frame accessory genes, of
which NSP1, ORF3a/3b, ORF6, ORF7a/7b, ORF8, and ORF9b are
known to dysregulate the anti-viral response, creating the immuno-
pathology observed in COVID-19.30,31 We reasoned that these innate
immune changes could play key roles in ADRD onset and/or progres-
sion. To investigate this idea, we analyzed gene expression in
the brains of deceased CoV-2 patients and uninfected patients
(NCBI Gene Expression Omnibus [GEO] database Series GEO:
GSE188847) and compared these data with AD brains versus controls
(GEO: GSE118553). These analyses identified several “hub” genes
that are similarly regulated in both diseases and led us to hypothesize
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that CoV-2 can become neurotropic in aged
brains causing innate immune activation, neu-
roinflammation, and neurodegeneration leading
to tauopathy and the cognition impairment of
AD. To test this, we established CoV-2 infection
in a mouse model using a mouse-adapted strain
of SARS-CoV-2 (MA10) and examined how
susceptibility to this viral infection changes
with age. We further examined the association
of gradual aging with inflammation, neurode-
generation, and infection-driven expression of ADRD genes/proteins
with potential to cause the onset and/or rapid progression of ADRD.

RESULTS
Gene expression changes in brains of patients with COVID-19

and AD

We obtained whole-transcriptome expression data from COVID-19
versus control and AD versus control frontal cortex patient samples
from the NCBI GEO database. Differential gene analysis generated
2,446 genes significantly up- or downregulated in the brains of
COVID-19 patients and 856 genes significantly up- or downregulated
in the brains of patients with AD (Figures 1A and 1B). Dimensionality
reduction and clustering yielded only moderate separation between
disease and control groups, highlighting the impact of patient-to-pa-
tient variation in gene expression (Figures S1A and S1B). Sorting the
differentially expressed genes into GO pathways revealed several com-
mon pathways affected by both diseases, although the absolute gene
countswere skewed by the difference in size of each dataset (Figure 1C).

COVID-19 brains exhibit an AD risk gene expression signature

In order to compile a set of AD risk genes, we searched relevant liter-
ature for studies describing the molecular etiology of AD and
providing evidence for the specific function of individual genes/pro-
teins in AD onset or progression. We have compiled our findings into
five functional categories of inflammation, protein folding/trafficking,
complement activation, calcium homeostasis, and amyloid/tau pro-
cessing (Table 1). We imported this gene list into Ingenuity Pathway
Analysis (IPA) and plotted experimentally observed interactions as a
network. Fold change values (Figure S2) from the COVID-19 brain
dataset were overlaid onto the network, revealing increased inflam-
matory cytokines IL-18, CXCL8, and IL-6 receptor along with the



Table 1. ADRD risk/pathology genes

Gene Expression in COVID-19 Function Reference

CCL20 predicted activation recruitment of leukocytes Goldeck et al.32

CTCFL increased controls gene expression in myeloid cells Corces et al.,33 Novikova et al.34

CXCL8 increased neuroinflammation Zuena et al.35

EGFR increased astrocyte activation, inflammation Mansour et al.36

GFAP increased astroglial activation Cicognola et al.37

IFI16 increased interferon-induced DNA sensor Velez et al.38

IL-17 predicted activation neuroinflammation Brigas et al.39

IL-18 increased neuroinflammation/amyloid processing Ojala et al.40

IL-6R increased neuroinflammation Haddick et al.41

KLF4 increased
regulates neuronal apoptosis and axon
regeneration

Cheng et al.42

LGALS3 increased
microglia-mediated inflammation, amyloid
aggregation

Tan et al.,43 Tao et al.44

TAC1 decreased vasodilator Dharshini et al.45

CAV1 increased endocytosis and protein trafficking Gaudreault et al.46

FKBP5 increased
tau phosphorylation, tau oligomerization, glucose
metabolism

Wang et al.,47 Fuji et al.,48 Blair et al.49

HSP90 decreased protein folding Blair et al.50

HSPA8 decreased autophagy/tau regulation Loeffler et al.51

IFITM3 increased modulates g-secretase Hur et al.52

C3/4 increased complement activation, association with plaques Tenner et al.53

C5AR1 increased C5a receptor on myeloid cells Hernandez et al.54

CR1 predicted activation phagocytosis of immune complexes, inflammation Zhu et al.55

CALB1 decreased calcium sequestration Sanfillipo et al.56

CAMKK2 decreased regulatory kinase Ca-dependent signaling Sabbir et al.,57 Mairet-Coello et al.58

BDNF decreased protects against tau-related neurodegeneration Elliott et al.59

CCK/BR decreased/ predicted decrease hormone, maintaining memory Plagman et al.60

PLAT increased
tissue plasminogen activator, cleaves pro-BDNF,
cleaves amyloid plaques

Shibata et al.61
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transcription factors STAT3 and KLF4 and the marker of neuroin-
flammation GFAP. Although specific cell types responsible for pro-
moting inflammation in these patients is not known, we did observe
an increase in gene signatures associated with monocytes, neutro-
phils, and activated dendritic cells in the COVID-19 brains; however,
these changes were not statistically significant (Figure S3). Hub gene
analysis using the Search Tool for the Retrieval of Interacting Genes/
Proteins (STRING) database of protein interactions reinforced the ev-
idence of neuroinflammation yielding canonical mediators and regu-
lators of inflammation (CCL2,CXCL8, NF-kB, and STAT3) as some of
the differentially expressed genes with the most interactors in the da-
taset (Figure S4). Complement activation was also evident from
increased C4a and C5AR1. Decreased expression of HSP chaperones
HSP90AB1, HSP90AA1, and HSPA8 was observed, while FKBP5 was
increased. Calcium signaling components (CAMKK2 and calbindin)
and the receptor for cholecystokinin, CCKBR, were all decreased in
expression (Figure 2).
Molecular The
SARS-CoV-2 MA10 neurotropism is increased in aged mice

Since age is one of the crucial risk factors for the severity of infec-
tion, we investigated the neurological consequences associated with
CoV-2 infection in both young and old mice at both acute (4 days
post-infection [DPI]) and post-acute (18 DPI) time points. Thus, 3-,
6-, and 20-month-old C57BL/6 mice were infected with 1 � 105 of
MA-10 intranasally. The infected mice were sacrificed 4 and 18 DPI,
and viral titer and gene expression analyses were performed. A pla-
que assay was performed from the brain samples to quantitate the
viral titer (Figures 3A and 3B). No plaques were detected in the in-
fected young mice (3 months), but a significant number of plaques
were detected in the infected adult (6 months) and in aged mice
(20 months) groups. Also, the plaques were detected at only 18
DPI, and no plaques were detected in 4 DPI brain samples. qPCR
analysis of RNA isolated from three brain regions (olfactory bulb,
cortex, and hippocampus) confirmed the presence of CoV-2
N-protein transcript (Figure 3C). Samples from 3-month-old mice
rapy: Methods & Clinical Development Vol. 27 December 2022 219
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Figure 2. Severe COVID alters expression of key

Alzheimer’s risk genes in the human brain

Network of AD risk genes depicting experimentally

observed interactions (IPA database) and fold change of

gene expression observed in COVID frontal cortex

samples versus control, GEO: GSE188847 (green/red).

Molecular Therapy: Methods & Clinical Development
did not contain any transcript. Six-month-old mice contained tran-
script in the cortex at 4 DPI and the cortex plus olfactory bulb at 18
DPI. Only the 20-month-old mice contained CoV-2 transcript in all
brain regions at 18 DPI, additionally testing positive in the olfactory
bulb and hippocampus at 4 DPI.

Neuroinflammation is increased in old versus young MA10-

infected mice

A qPCR analysis showed that the pro-inflammatory cytokines Il-6,
Tnf-a, and Ccl20 were all generally increased in the 6- and
20-month-old infected mice, with the highest expression observed
in the 20-month-old mice at 18 DPI (Figure 3D). Only Il-6 and
Tnf-a were significantly increased in the 3-month-old mice, and
this increase was only observed in the olfactory bulb. The inflam-
masome component encoding genes Nlrp3 and IFI-16 (Ifi204
mouse homolog) were also significantly upregulated in 6- and
20-month-old mice along with Il1b but were unchanged in
3-month-old mice. An increase in active caspase-1 (p20) was
observed in all brain regions of the 20-month-old infected mice
(Figure S5). Overall, these data indicate that the intensity and
pervasiveness of inflammation caused by CoV-2 infection in the
brain increased with age and that inflammation may persist long
term for at least 18 days.
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Expressionof ADRD risk/pathology genes is

increased in aged MA10-infected mice

We next examined the expression of five key AD
risk genes identified by the network analysis in
Figure 2 (FKBP5, IFITM3, IFI16, CR1, and
C5AR1). FKBP5 is a polyfunctional chaperone
protein known to be associated with cognitive
abnormalities and dysregulation of calcium ho-
meostasis in AD.62 IFITM3 is induced by the
interferon-driven inflammatory response and
is known to increase the activity of g-secretase
for Ab production.63 Similarly, the interferon-
stimulated gene IFI16 has been identified as a
possible driver of neuroinflammation, and syn-
aptic loss, in the AD brain.64 IFI16 is an inflam-
masome component that serves as a viral nucleic
acid sensor and promotes production of inter-
leukin-1b (IL-1b).65 CR1 is the receptor
for complement factors C3b and C4b, which
are known to be hyperactivated in COVID-
19.55 It is expressed on antigen-presenting cells
including microglia as well as on neurons.
C5AR1 is a receptor for C5a expressed primarily
on myeloid cells and has been used as a biomarker for AD.54 None of
these genes were found to be upregulated in 3-month-old mice; how-
ever, all of them were significantly upregulated in 6- and 20-month-
old mice, although Ifitm3 expression was lower in the hippocampus
than in the olfactory bulb and cortex (Figure 4A). An increase in
Fkbp5 protein expression was confirmed in all CoV-2-infected brain
regions by immunohistochemistry (Figure 4B). A similar increase in
expression of inflammatory and ADRD risk genes was also recapitu-
lated in 17-month-old mice (data not shown).

Inflammation and ADRD gene signature are correlated with tau

pathology, a-synuclein, and demyelination

We analyzed pooled CoV-2- or mock-infected mouse cortex sam-
ples for the expression of gene transcripts of additional AD risk
genes by Nanostring nCounter Glial Profiling panel and Neuroin-
flammatory panel. These panels include key processes and pathways
regulated under diseased conditions, such as cell stress and damage
response (134 genes), glial regulation (180 genes), inflammation,
and peripheral immune invasion (188 genes). The IPA analysis of
Nanostring data (MA10-infected mouse brain samples) also showed
a similar signature as that of the data collected from the GEO data-
base (human brain tissue from CoV-2-infected patients). Upregu-
lated genes include Lgals3, Egfr, C4a, Fkbp5, Gfap, Mapt, Ifitm3,



Figure 3. Infection with SARS-CoV-2 MA10 virus induces neuroinflammation in aged mice

(A) Representative images of plaque assays performed on homogenized brain tissue collected from MA10-infected 3-, 6-, and 20-month-old mice. (B) Histogram depicting

quantification of viral plaque assay to determine the concentration of infectious particles present in brain tissue (PFU/mL). (C) Histogram depicting mRNA fold change of

CoV-2 nucleoprotein (N) expression in brains collected from MA10-infected mice compared with mock. (D) Histograms depicting mRNA fold change of proinflammatory

genes (Il6, Tnfa, and Ccl20), and inflammasome genes (Nlrp3, Ifi204, Ilb), in infected brain. n = 3; data expressed asmean ± SEM; * compared with respective mock; # 18 DPI

compared with 4 DPI of the same brain region; *,#p < 0.05 by ANOVA with Holm-Sidak test.
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Stat3, C5ar1, and Il6r. Downregulated genes include Hsp90ab1,
Bdnf, and App (Figure 4C).

Our data and others have suggested that CoV-2 infection may pro-
mote aberrant tau accumulation.66 Hence, we examined the tau pa-
thology in MA10-infected mice by immunohistochemical staining
using pT231 tau, an AD-relevant tau phosphorylation.67 Brains
from each group were sectioned and stained at 18 DPI. p-tau-posi-
tive cells were not present in the mock-infected mice or in the
3-month-old MA10-infected mice (Figure 5A). However, the num-
ber of p-tau-positive cells was significantly elevated in all examined
brain regions of the 6- and 20-month-old mice, with significant in-
creases in the olfactory bulb and cortex of the 20-month-old group
compared with the 6-month-old group. We also examined the accu-
mulation of tau oligomers, which data support as a toxic form of
tau,68–70 using an oligomeric tau-specific antibody and again found
a significant increase in the 6- and 20-month-old MA10-infected
groups compared with mock as well as a significant increase in
the 20-month-old MA10 group compared with the 6-month-old
MA10 group in all brain regions (Figure 5B). Similar increases in
oligo-tau and p-tau were also recapitulated in 17-month-old mice
(data not shown). Furthermore, p-tau was observed specifically in
Molecular The
brain regions adjacent to CD31+ endothelial cells (Figure 5C),
which, in prior studies, was linked with blood-brain barrier dysfunc-
tion.71 Increased von Willebrand factor (vWF) staining in infected
brains was observed as evidence of this blood-brain barrier (BBB)
damage (Figure S6). In addition, immunohistochemical analysis of
CoV-2-infected brain tissue shows elevated GFAP expression (as-
troglial activation) and IBA1 expression (microglial activation) in
the olfactory bulb, cortex, and hippocampus (Figures S7 and S8).
A significantly increased grade of demyelination (MBP staining)
in the striatum of infected aged brain tissues was observed along
with significantly increased a-synuclein staining in the 6- and
20-month-old infected mice (Figures S9 and S10).

DISCUSSION
This article provides evidence for twomajor findings. First, a compar-
ison of gene expression changes in brains of human patients with AD
or COVID-19 versus their respective controls along with brain path-
ological studies in the CoV-2 MA10 aged mouse model has led to
identification of several common hub genes and pathways that are
similar in pathogenesis of AD in mice and humans. To the best of
our knowledge, our analysis is the first of its kind wherein transcript
expression in the brain (cortex) has been compared between elderly
rapy: Methods & Clinical Development Vol. 27 December 2022 221
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Figure 4. Infection with SARS-CoV-2 MA10 virus induces ADRD risk genes and complement activation in aged mice

(A) Histograms depictingmRNA fold change of ADRD risk genes (Fkbp5, Ifitm3), and complement activation genes (Cr1, C5ar1), in brains collected fromMA10-infectedmice.

(B) Bright-field images and respective quantification showing FKBP5 expression in the olfactory bulb, cortex, and hippocampus of MA10-infected 20-month-old mice brains

at 18 DPI. (C) Ingenuity Pathway Analysis (IPA) network showing genes that are differentially expressed in cortex of infected aged mice (20 months old) 18 DPI as assayed by

nCounter neuroinflammatory and glial profiling panel. n = 3; data expressed as mean ± SEM; * compared with respective mock; # compared with respective 4 DPI; *p < 0.05

by ANOVA with Holm-Sidak test.
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patients with severe COVID-19 and patients with AD. Previously, a
solely bioinformatic study compared the AD brain transcript profile
(GEO: GSE147507; n = 97) with COVID lung gene expression
(GEO: GSE132903; n = 2).72 Second, the mouse studies using CoV-
2- MA10 virus revealed that CoV-2 neurotropism was dependent
upon the age of the mice. Thus, replication of MA10 virus was evident
in the brains of aged (6- and 20-month-old) mice but not in young
3-month-old mice. Notably, despite evidence of neurotropism for
SARS-CoV and Middle East respiratory syndrome (MERS)-CoV
and affirmative CoV-2 neurotropism studies in vitro in human cells,73

in vivo neurotropism of CoV-2 has remained unclear due to the lack
of virus detection in many post-mortem patient brain and CNS sam-
ples. Our establishment of CoV-2-MA10 infection in an aged mouse
model has provided the first in vivo evidence for CoV-2 neurotropism
in wild-type mice. The MA10 aged mouse model has provided a
unique opportunity to investigate the connection between viral infec-
tion and ADRDs including the mechanistic underpinnings of this
relationship. With millions of patients infected by CoV-2 having
mild, moderate, and severe infections and 15%–30% of those also
suffering from long COVID, potential increased risk of ADRDs
would have significant clinical impact.15
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The major evidence for SARS-CoV-2 neurotropism (N-gene transcript
expression and viral plaque assay) definitively demonstrates viral repli-
cation in the brain tissue, though the cellular localization of the virus
within the mouse brain (endothelial, microglia, neuron, etc.) and the
extent of viral replication within these cells remain unknown. Our find-
ings are consistent with the previous epidemiological and laboratory re-
ports of severe viral infections leading to a preponderance of CNS dis-
eases including AD, Parkinson’s disease, and encephalopathy.6–8

Notably, we observed increased vWF expression in aged, infected
brains as evidence of vascular damage along with increased p-tau in re-
gions adjacent to the endothelial cell marker CD31, suggesting there
may be a vascular etiology to this pathology. This is consistent with pri-
mate data that suggested that CoV-2 replicationmainly within vascular
endothelial cells in the brain.74 Further, we found that changes in
expression of genes in COVID-19 brains included the Wnt signaling
pathway. This pathway is dysregulated in AD, with beta catenin
(CTNNB1) aggregation linked to proteosomal dysfunction and tau
phosphorylation by GSK3b,75 thus contributing to AD risk.

In a broad sense, the CoV-2 neuropathology contains many elements
overlapping with AD. Neuroinflammation is a major driver of both
ber 2022



Figure 5. SARS-CoV-2 MA10 infection induces p-tau expression in olfactory bulb, cortex, and hippocampus of 6- and 20-month-old mice

(A) Bright-field images showing immunoperoxidase staining of p-tau (pT231) in olfactory bulb (top panel), cortex (middle panel), and hippocampus (bottom panel) of 3-, 6-,

and 20-month-old mice at 18 DPI. Histogram showing ImgaeJ quantification of p-tau expressing cells. (B) Bright-field images showing immunoperoxidase staining of tau

(T22), oligomeric expression in olfactory bulb (top panel), cortex (middle panel), and hippocampus (bottom panel) of 3-, 6- and 20-month old mice, at 18 DPI. Histogram

showing ImgaeJ quantification of tau (T22)-expressing cells. (C) Co-localization of CD31-p-tau expression in olfactory bulb, cortex, and hippocampus. CD31: red, DAPI: blue,

and p-tau: green. Arrows indicate areas of p-tau/CD31 co-localization. n = 3; data expressed as mean ± SEM; * compared with respective mock; # compared between 6-

and 20-month-old infected mice, *,#p < 0.05.
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diseases; however, additional pleiotropic signaling pathways are also
implicated, including EGFR, Wnt, and immune cell activation.
Indeed, we have observed gene expression changes within these path-
ways in both diseases, albeit with only moderate overlap between in-
dividual genes. Increased oxidative stress and dysregulated ribosomal
function are known features of both diseases as well. Through
pathway analysis of known AD-gene relationships in the IPA and
STRING databases and literature review, we have grouped ADRD
risk genes into 5 categories: inflammation, protein folding/trafficking,
complement activation, calcium homeostasis, and amyloid/tau pro-
Molecular The
cessing (Table 1). Many changes in expression of these risk genes
and specific gene mutations have been associated with late-stage
AD through sequencing of brain tissue from post-mortem patients.
However, due to the complexity of the disease and the inability to
collect longitudinal samples, direct causes of AD remain poorly
defined. Recently, the once-controversial “infectious hypothesis” of
AD has been gaining more attention.76,77 Although it seems unlikely
that an infectious agent such as a prion or virus will emerge as the
direct cause of AD, it is possible that the molecular signaling changes
brought on by inflammation due to aging and followed by infection
rapy: Methods & Clinical Development Vol. 27 December 2022 223
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(“double-hit model”) could serve as a trigger for disease progression
in individuals who are already genetically predisposed. The data pre-
sented herein support this hypothesis.

Consistent with our previous report,29 the results of our gene expres-
sion profiles in COV-2-infected and AD brains showed similarly
increased activation of complement/coagulation signaling and the in-
flammasome, which are known hallmarks of moderate and severe
COVID-19. We have presented evidence of this same activation in
both human and mouse brains (IL-18, CCL20, NLRP3, C4a, and
C5AR1) (Figures 2A and 4A–4C). Furthermore, we have shown
how increased expression of these genes may activate downstream
AD risk genes (IFI16, IFITM3, FKBP5, GFAP) ultimately leading to
tau and a-synuclein pathology as observed in the mouse model (Fig-
ures 5 and S9). Indeed, some of these genes play dual roles in innate
immunity and AD. IFITM3 is an interferon-stimulated gene that pre-
vents viral entry into cells by disrupting cholesterol synthesis and
shuttling viral particles to lysosomes. However, it is also known to
have secondary activities including activation of PI3K signaling and
activation of g-secretase to increase Ab production. a synuclein-
GSK3b activity could exacerbate this AD pathology by promoting a
feedback loop of tau phosphorylation, and aggregation of both tau
and Ab, with a simultaneous increase in Ab production.78

Presenilin-1 (PSEN1) plays a role in proteolytic cleavage of APP to
Ab, which interacts with a-synuclein, forming complexes as wit-
nessed in patients with AD with PSEN1 mutations. Altogether, there
are a number of in vitro and in vivo studies supporting the leading role
that a-synuclein plays in several mechanisms and processes linked to
AD.79–81

Perhaps the most significant connection between CoV-2 infection
and AD observed in both human tissue and the mouse model is the
potential for CoV-2 infection to promote tau phosphorylation and
oligomerization. This phenomenon has been observed at the protein
level in the brain tissue of both elderly demetia patients and patients
who have died from COVID-19.66 In this case, a leaky calcium chan-
nel driven by virus-induced inflammasome activation and oxidative
stress is hypothesized to promote tau pathology through a reduction
in calbindin. We observed a similar decrease in calbindin expression
in COVID-19 brains along with a decrease in CAMKK2 and evidence
of inflammasome activation (increased IL-18, IFI16, and STAT3). In
the mouse model, we observed increased Nlrp3, Tnfa, and active
cleaved caspase-1 (p20), indicating inflammasome activation, but
here we were also able to observe the tau pathology directly, including
significant increases in tau phosphorylation and oligomerization.
Studies are ongoing to determine the timeline of inflammasome in-
duction in the CoV-2-infected brain and whether this induction is
dependent on recognition of viral RNA or host DNA damage.

One limitation of our study is the inability to reliably discern between
the causes and effects of AD since patient tissues are collected post-
mortem at late-stage AD. These patients typically exhibit an upregu-
lation of protein synthesis in response to the high degree of protein
misfolding and aggregation characteristic of AD. Therefore, the upre-
224 Molecular Therapy: Methods & Clinical Development Vol. 27 Decem
gulation of protein synthesis in viral infection to mediate production
of viral particles may be a coincidence rather than a promotor of AD
development. Another limitation of our study is that despite the sim-
ilarities we observed at the pathway level in brains of patients with
COVID-19 versus AD, as expected there were dissimilarities at the
level of individual gene expression. The latter was expected primarily
due to the two following reasons. First, the COVID-19 group had a
severe active viral infection at the time of sample collection, the AD
group did not. Second, the AD brains were collected from patients
with late-stage AD pathology, while the COVID-19 patients were
beginning to express molecular markers of AD but were not diag-
nosed with AD. Lastly, our studies do not address whether gene
expression changes in SARS-CoV-2-infected brains can cause AD-
related changes in cognition; this is due to the fact that our study
focused on acute SARS-CoV-2 infection following a single inocula-
tion event and was not followed up beyond 18 DPI. This is beyond
the scope of our present study, and it remains to be elucidated in
future studies. Furthermore, respiratory viruses other than SARS-
CoV-2 such as influenza and respiratory syncytial virus have also
been known to present with CNS complications. Future studies will
be needed to compare their infections in the aged mouse model to
determine whether the ADRD pathology we observed is specific to
SARS-CoV-2, although some changes to the model may be required
to accommodate the differing mechanisms/pathologies of infection
by these viruses in mice.

Overall, we have shown that CoV-2 infection induces gene expression
changes in multiple pathways linked to AD susceptibility including
inflammation, protein chaperones, amyloid processing, ubiquitin
mediated protein degradation, FKBPs in tau processing, endoplasmic
reticulum (ER) protein transport, and calcium homeostasis. While
the complexity of AD pathology does not lend itself to discovery of
a single definitive link suggesting CoV-2 as a causative agent of AD,
the significant overlap in the gene expression profiles of the two dis-
eases across multiple functional pathways in combination with the
ADRD pathology observed in the brains of aged, infected mice war-
rants further mechanistic studies.

MATERIALS AND METHODS
Differential gene expression analysis

Gene expression data from severe COVID-19 (n = 12) or COVID-19-
unaffected (n = 12) individuals were obtained from the NCBI GEO
database (GEO: GSE188847). In the associated study, frontal cortex
tissues were collected within a post-mortem interval of less than
48-h. Unaffected patients were selected to be age and sex matched
with COVID-19 patients. Salmon transcript quantification files for
each patient were retrieved from GEO. A transcript to gene map
file was exported from Ensembel Bio-Mart using GRCh38.p.13.
Pooled differential gene analysis (12 COVID-19 versus 12 control
samples) was performed using DESeq 2. The fold change output for
each gene was filtered to only include significant changes (p %

0.05). Gene expression data from frontal cortex samples from patients
with AD (n = 40) and normal controls (n = 22) were obtained from
the GEO database (GEO: GSE118553). The GEO2R web tool
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(NCBI) was used to compare gene expression between AD and con-
trol groups, generating a list of differentially expressed genes with fold
change and adjusted82 p value.

Protein-protein network and hub gene analysis

The lists of significantly differentially expressed genes in AD and
COVID-19 were uploaded into the STRING database, and networks
of gene interactions were obtained. Local network clusters matching
genes upregulated in COVID-19 were ranked for their fit to the
STRING database according to enrichment score. This entire network
was imported into Cytoscape for hub gene analysis using the Cyto-
hubba tool. The top 20 genes in 4 ranked algorithms; maximal clique
centrality (MCC), density of maximum neighborhood component
(DMNC), maximum neighborhood component (MNC), and Degree
were identified, and the intersections between the four algorithms
where two or more algorithms agreed were considered as the hub
genes. This analysis was repeated for the AD versus control dataset.
AD-related gene clusters were determined by taking the list of genes
from the AD “disease” category in the IPA database (1,016 genes) and
importing them into STRING as a network. Markov cluster algorithm
(MCL) clustering was performed on the network with an inflation
parameter of 2, and the top 8 clusters were selected for analysis.

IPA

Alzheimer’s genes were selected from literature (see Table 1). IPA
(Qiagen) was used to plot known connections between the genes
creating a molecular network. RNA sequencing (RNA-seq) profiling
of human frontal cortex in severe COVID-19 (n = 12) or unaffected
(n = 12) patients was obtained from the NCBI GEO database (GEO:
GSE188847). Pooled differential gene analysis of COVID-19 versus
unaffected patients was performed using DESeq2. Significantly differ-
entially expressed genes (p < 0.05) were uploaded into IPA, and their
fold change information was overlaid onto the Alzheimer’s gene
network.

The IPA (Qiagen) database was queried for all genes known
to contribute to or be altered in AD. The sub-set of these genes differ-
entially expressed in COVID-19 were selected. Significantly differen-
tially expressed genes (p < 0.05) were uploaded into STRING, and the
STRING database of protein-protein interactions was used to
generate an interaction network. This network was imported into
Cytoscape, and hub genes were identified within the network using
Cytohubba. The IPA database was queried for genes known to
increase susceptibility for Alzheimer’s and to play a role in the
early development of Alzheimer’s. These Alzheimer’s genes were
connected to the hub genes using known relationships in the IPA
database.

SARS-CoV-2 MA10 virus stock preparation and titration with

plaque-based assays

All experiments utilizing replication-competent SARS-CoV-2 were
performed in a biosafety level 3 (BSL-3) laboratory at the University
of South Florida. All viral stocks were produced and isolated from su-
pernatants of Vero-E6 cells expressing human ACE2 and TMPRSS2
Molecular The
(BEI Resources NR-54970), cultured in T175 flasks to a confluency
of 80%–90%, and infected with an original passage 2 (P2) MA10, at
an MOI of 0.05 for 4 h, in 8 mL serum-free OptiMEM. Media was
then replaced with 20 mL DMEM media supplemented with 5%
FBS and 1% penicillin-streptomycin antibiotic and incubated for
72 h until clear cytopathic effect (CPE) was present. MA10 was ob-
tained from BEI Resources (BEI Resources NR-55329). Supernatants
were harvested, cleared of cell debris by centrifugation (500 � g,
10 min) and filtration (0.45 mm), mixed with 10% SPG buffer
(ATCC #MD9692), aliquoted, and stored at �80�C. Viral titers
were quantified by determining the number of individual plaque-
forming units (PFUs) after 72 h of infection on confluent Vero-E6
ACE2 TMPRSS2 cells. In brief, 25 mL viral stock was added to
225 mL OptiMEM (a10�1 dilution) and was subsequently serially
diluted (10-fold) in serum-free medium and inoculated on
7.5 � 105 Vero E6 ACE2 TMPRSS2 cells in triplicates in a 48-well
plate for 3 h. The inoculum was then removed and replaced with
0.8% carboxymethylcellulose in OptiMEM +2%FBS+1% penicillin-
streptomycin antibiotic as overlay media for 72 h. The plates were
then fixed with 80% methanol in water overnight, rinsed with 1�
PBS, and stained with 0.1% crystal violet solution in ethanol. Plaques
were then counted and calculated as PFU/mL.

Animal experiments

All animal procedures were conducted in accordance with the NIH
guidelines for the Care and Use of Laboratory Animals and approved
by the Institutional Animal Care and Use Committee of the Univer-
sity of South Florida. 3-, 6- and, 20-month-old male C57BL/6J mice
were housed in a BSL-3 animal facility on a 12 h light-12 h dark cycle
with food and water available ad libitum. Mice of each age group were
infected with 100,000 PFUs of MA10 or mock ultraviolet light-inac-
tivated MA10 that was generated and titrated using the previously
described method. Mice under deep isoflurane anesthesia were intra-
nasally inoculated with 50 mL (25 mL per nostril) of virus diluted in
OptiMEM media. Mice were observed after inoculation for regain
of consciousness and lucidity. Each subsequent day proceeding viral
inoculation, the mice were individually examined for signs of infec-
tion including body weight change and alterations in body tempera-
ture, respiration, and lethargy. Mice were sacrificed 4 and 18 DPI.
The brains and lungs were harvested and processed for plaque assay,
RNA isolation, and immunostaining. Brain and lung tissue from
mice were longitudinally sectioned in half, with half of one lung or
brain sample going for RNA processing and the other half for plaque
assay, while the second, intact lung was fixed with formalin for
sectioning.

Plaque assay from organ samples

Half of a longitudinally section organ (�214 mg brain tissue
or �50 mg lung) was homogenized in 200 mL OptiMEM media con-
taining 10% penicillin-streptomycin-amphotericin antibiotic. The
homogenate was then cleared of cell debris by centrifugation
(500 � g, 10 min). Viral titers from infected organs were quantified
by determining the number of individual PFUs after 72 h of infection
on confluent Vero-E6 ACE2 TMPRSS2 cells. 25 mL supernatant
rapy: Methods & Clinical Development Vol. 27 December 2022 225
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from the organ homogenate was added to 225 mL OptiMEM (10�1

dilution) and then serially diluted (10-fold) in serum-free medium
and inoculated on 7.5 � 105 Vero E6 ACE2 TMPRSS2 cells in
triplicates in a 48-well plate for 3 h. The inoculum was
then removed and replaced with 0.8% carboxymethylcellulose in
OptiMEM +2%FBS+1% penicillin-streptomycin antibiotic as overlay
media for 72 h. The plates were then fixed with 80% methanol over-
night, rinsed with 1� PBS, and stained with 0.1% crystal violet solu-
tion in ethanol. Plaques were then counted and calculated as PFU/mL
of homogenate.

RNA isolation and PCR

Total RNA was isolated using Trizol (Life Technologies). The ex-
tracted RNA was subjected to nCounter gene expression analysis
(NanoString Technologies) according to the manufacturer’s instruc-
tions. Also, RNA was treated with DNAse I (Invitrogen, cat. no.
18068) to remove the residual genomic DNA. 1 mg RNA was used
to prepare cDNA using Maxima Enzyme 5� reaction mix (Thermo
Fisher Scientific). Quantitative real-time PCR reaction was performed
using the cDNA in CFX384 TouchTM Real-Time PCR detection sys-
tem (Bio-Rad). The reaction mixture was set up to 5 mL containing
1 mL 5� qPCRmaster mix, 0.5 mL forward primer and reverse primer
(see Table S11), 1 mL water, and 1 mL cDNA. The reaction was per-
formed using the following program: 95�C or 3 min, followed by 45
cycles of 95�C for 10 s, 60�C for 1 min, and 72�C for 15 s. All exper-
iments were run in triplicate for three individual experiments. Gene
expression from each age group was normalized to its respective
mock control.

Immunofluorescence staining

Slide-mounted 30 mm brain sections were heated with antigen
retrieval solution (1:100; Vector Laboratories, Burlingame, CA,
USA) for 45 min at 90�C, cooled, and washed with PBS. The sections
were permeabilized, and non-specific antigens were blocked for 1 h
with serum-blocking solution (10% host serum, 0.2%Triton in
PBS). Next, sections were incubated with primary antibody solution
(5% host serum, 0.1% Triton X-100 in PBS; see Table S12) overnight
at 4�C. After washing with PBS, sections were incubated with fluores-
cent tagged secondary antibody, washed again, dried, and mounted
with DAPI containing anti-fade mounting medium.

Immunoperoxidase staining

For immunoperoxidase staining, after heat antigen retrieval, sections
were treated with 3% hydrogen peroxide in water for 20 min, incu-
bated with serum-blocking solution, and incubated overnight at
4�C with primary antibody (see Table S12). Following washing, sec-
tions were then sequentially incubated with biotinylated secondary
antibody for 2 h at room temperature, avidin-biotin peroxidase
(ABC, 1:100 Vector Laboratories) for 1 h at room temperature, and
3,30-Diaminobenzidine (DAB) substrate solution (Vector Labora-
tories) for 5 min. Sections were washed, dried, and cover slipped
with DPX mounting medium. Bright-field or fluorescence images
were taken with an Olympus X71 microscope using appropriate
filters.
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Image analysis and quantitation

All quantitation was performed using NIH ImageJ Software. For
immunohistochemical analysis, images were acquired using an
Olympus IX71 microscope controlled by DP70 manager software
(Olympus America, Melville, NY, USA). The images were taken at
the same exposure and digital gain settings for a given magnification
to minimize the differential background. Three sagittal brain sec-
tions were stained with each antibody and 3 images (20�) per region
per section were captured, and analysis was performed. The images
were converted to grayscale before quantification. The grayscale im-
ages were adjusted to exclude noise pixels. The same settings were
used for quantifying all images. Positive cells were counted for
p-tau, T22 oligomeric tau, IBA1, and a-synuclein staining using
ImageJ software. Similarly, integrated density/unit area (immunore-
activity) was measured for FKBP5, MBP, and GFAP staining using
ImageJ software. The results were expressed as mean number of
positive cells or mean area of immunoreactivity ± standard error
of mean (SEM).

Statistical analysis

All data are presented as mean ± SEM. Statistical significance was
evaluated by ANOVAwith Holm-Sidak test for multiple comparisons
if not mentioned otherwise. A p value of less than 0.05 was considered
statistically significant for all comparisons.

Data availability

All whole-transcriptome gene expression datasets analyzed during
the current study are available in the NCBI Gene Expression
Omnibus repository (https://www.ncbi.nlm.nih.gov/geo/) under the
accession numbers GEO: GSE188847 and GSE118553. All other
data generated or analyzed during this study are included in this pub-
lished article (and its supplemental information).
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Supplemental information can be found online at https://doi.org/10.
1016/j.omtm.2022.09.007.
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