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Abstract: Type I interferon signaling (IFN-I) perturbations are major drivers of COVID-19. Dys-
regulated IFN-I in the brain, however, has been linked to both reduced cognitive resilience and
neurodegenerative diseases such as Alzheimer’s. Previous works from our group have proposed
a model where peripheral induction of IFN-I may be relayed to the CNS, even in the absence of
fulminant infection. The aim of our study was to identify significantly enriched IFN-I signatures and
genes along the transolfactory route, utilizing published datasets of the nasal mucosa and olfactory
bulb amygdala transcriptomes of COVID-19 patients. We furthermore sought to identify these IFN-I
signature gene networks associated with Alzheimer’s disease pathology and risk. Gene expression
data involving the nasal epithelium, olfactory bulb, and amygdala of COVID-19 patients and tran-
scriptomic data from Alzheimer’s disease patients were scrutinized for enriched Type I interferon
pathways. Gene set enrichment analyses and gene—Venn approaches were used to determine genes
in IFN-I enriched signatures. The Agora web resource was used to identify genes in IFN-I signatures
associated with Alzheimer’s disease risk based on its aggregated multi-omic data. For all analyses,
false discovery rates (FDR) <0.05 were considered statistically significant. Pathways associated with
type I interferon signaling were found in all samples tested. Each type I interferon signature was
enriched by IFITM and OAS family genes. A 14-gene signature was associated with COVID-19
CNS and the response to Alzheimer’s disease pathology, whereas nine genes were associated with
increased risk for Alzheimer’s disease based on Agora. Our study provides further support to a type
Iinterferon signaling dysregulation along the extended olfactory network as reconstructed herein,
ranging from the nasal epithelium and extending to the amygdala. We furthermore identify the
14 genes implicated in this dysregulated pathway with Alzheimer’s disease pathology, among which
HLA-C, HLA-B, HLA-A, PSMBS, IFITM3, HLA-E, IFITM1, OAS2, and MX1 as genes with associated
conferring increased risk for the latter. Further research into its druggability by IFNb therapeutics
may be warranted.

Keywords: COVID-19; long COVID; Alzheimer’s disease; cognitive impairment; IFITM3; nasal
epithelial cells; type I interferon signaling; cGAS-STING

1. Introduction

Beyond its acute phase, COVID-19 has been associated with a wide range of neuropsy-
chiatric sequelae and, perhaps most prominently, cognitive impairment. Though initially
underrecognized, COVID-19’s cognitive consequences appear to develop on a biological
substrate determined using the aftermath of host—virus interactions [1].
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In a previous study, we hypothesized that the biological substrate of COVID-19’s
effects on cognition involves the induction of type I interferon signaling peripheral to the
central nervous system, such as the olfactory epithelium, and subsequently its propagation
centrally to functionally connected sites such as the limbic system [2]. We furthermore
identified this innate immune pathway as shared between COVID-19 transcriptomes and
those extracted from the entorhinal cortex of Alzheimer’s disease patients. While our
initial hypothesis was explored on the premise of limited available data, several subsequent
independent studies since then have provided further support to our model (some of which
were reviewed in [3,4]) and even reiterated the idea of a type I interferon-centric insult to
the CNS following exposure to SARS-CoV-2 [5].

The attractiveness of type I interferon signaling as the putative mechanism for COVID-
19’s neuropsychiatric consequences relies on its mechanistic relationships with innate
immunity and cognition, as well as its consistent challenge by SARS-CoV-2. Specifically,
type I interferon (IFN-I) signaling is the premier antimicrobial pathway mobilized in re-
sponse to a pathogen or a pathogen-associated molecular pattern (PAMP), contested by
SARS-CoV-2 and potentially shaping the severity and consequences of COVID-19. Type I
interferon signaling has both direct effects on cognition by impairing neuronal plasticity [6]
and long-term effects such as the impairment of neo-neurogenesis [7], a critical function
in the olfactory bulb and the hippocampus, mediating olfactory processing and cognition,
correspondingly [8]. In our model, we examined whether type I interferon signaling dys-
regulation and, specifically, cascades involving the interferon-inducible protein 3 (IFITM3)
were common between SARS-CoV-2 infection and Alzheimer’s disease. Another important
consideration is that type I interferon signaling is ubiquitous across cells, and tonic IFN-I
regulates peripheral innate immune responses, canonical /housekeeping microglial states
in the CNS, and the crosstalk between the periphery and the CNS [9].

The crosstalk between peripheral and central type I interferon responses belies the
intended comparison between SARS-CoV-2 as an IFN-I stimulant and the dysregulations in
type I interferon signaling evident in Alzheimer’s disease. At least one mechanism involv-
ing IFN-Iin Alzheimer’s disease pathobiology involves its upregulation in microglia primed
by neurofibrillary tangles and adjunct nucleic acids, regardless of their intrinsic or xenobi-
otic origin; the consequences of this upregulation were shown to drive neuroinflammation
and lead to synapse loss [10]. Another potentially important mechanism by which IFN-I
contributes to Alzheimer’s disease mechanisms is the disruption of blood-brain-barrier
(BBB) integrity, where upregulated IFN-I cascades have been observed in brain endothelial
cells [11]. Another crucial junction between IFN-I dysregulation and Alzheimer’s disease
pathobiology occurs via the second messenger cyclic GMP-AMP (cGAS)-cyclic GMP-AMP
receptor stimulator of interferon genes (STING) (cGAS-STING) pathway directly, which
upregulates IFN-I signaling as a response to the detection of cytosolic DNA [12]. Recently,
pathogenic tau was shown to activate cGAS-STING and consequently upregulate IFN-I
responses in microglia in a murine model of Alzheimer’s disease [13]. In a cellular model
of neuroinflammation, A} treatment was shown to upregulate cGAS-STING and regu-
late IFITM3, an antiviral protein that modulates gamma-secretase activity [14]. IFITM3
is another notable junction where innate immunity encounters neuroinflammation and
Alzheimer’s disease mechanisms. IFITM3 functions as an antiviral protein that may be
subverted by SARS-CoV-2 and enhance rather than restrict infection [15,16]. Furthermore,
several studies, including those from our group have outlined IFITM3 pathways as over-
lapping networks between Alzheimer’s disease and COVID-19 [2,17-21]. IFITM3 was
recently shown to modulate amyloidogenic APP processing by gamma secretase [14], and
partake in IFN-I responsive circuits following microglial uptake of A and Af-Nucleic
Acid complexes [10].

Taken together, these studies indicate that dysregulations in IFN-I may affect molecu-
lar pathways critical to its pathogenesis, such as beta-amyloid production, tauopathy, and
microglial polarization. As a syndrome, impaired cognition has been identified within
the spectrum of COVID-19’s post-acute syndromes [1,22] and is associated with impaired
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olfaction [23]. Notably, impaired odor identification has also been correlated with neu-
rodegeneration in the setting of Alzheimer’s disease [24] and has shown potential as a
preclinical marker [25]. Considering that neurodegeneration in the extended olfactory
network and its connected areas has been both previously proposed [26] and identified [27]
in COVID-19 survivors, the question arises of whether IFN-I perturbations would also be
present in the transcriptomes of the extended olfactory network regions.

Supporting this hypothesis, IFN-I pathways enriched by IFITMs have re-emerged
both in nasal epithelia [28,29] and the frontal lobe of COVID-19 patients [30] as part of the
innate immune response and consequent activation of interferon-stimulated gene networks.
Dysregulated IFITM3 networks in brain endothelial cells in the setting of COVID-19 have
been previously identified [20], providing further support to our hypothesis of an outside-in
quasinfectious transmission of this dysregulation to the CNS [2].

We therefore sought to replicate our model of an outside-in transmission of IFN-I
signaling via the transolfactory route, the pathway by which SARS-CoV-2 may gain entry
into the CNS [31]. To do so, we aimed to identify significantly enriched IFN-I signatures and
genes along the transolfactory route employing published datasets of the nasal mucosa and
olfactory bulb amygdala transcriptomes of COVID-19 patients and determine the presence
of IFITM3 specifically in those gene networks. Furthermore, we aimed to determine
whether signatures and genes detected in COVID-19 transcriptomes were also present in
transcriptomes from CNS tissue donated by Alzheimer’s disease patients and associated
with increased risk.

2. Materials and Methods
2.1. Concept Design

In this study, we attempt a hypothesis-driven analysis that focuses on the amygdala
as a hub for monosynaptic transmission and, hence, a site potentially vulnerable to other
cell-to-cell signals, including IFN signaling. Our conceptual design furthermore considers
that IFN-I is the canonical, if later deregulated, response to SARS-CoV-2, and one that
may be propagated from an immune-challenged cell to other non-immune challenged
cells [32]. Therefore, we specifically consider genes enriching IFN-I in that setting and
consider IFN-I signatures in tissues that are anatomically and functionally connected: the
olfactory epithelium, the olfactory bulb, and the amygdala. For the nasal epithelial cells,
the ciliated cell subset was selected as the prime target of SARS-CoV-2 and a site of active
replication [33]. For our reconstruction of this hypothetical pathway, we, therefore, consider
a site of primary infection and its neuroanatomical correlates up until the amygdala,
selecting genes enriching the IFN-I interferon signature with a specific interest in IFITM-
and OAS- family genes.

In our original hypothesis, the IFN-I response against endogenous DAMPs such
as Af3 would be enhanced by an exogenous IFN-I signal [3]. In order to determine the
overlap between these signatures and those previously reported in Alzheimer’s disease
transcriptomes, we specifically selected the study of Das and colleagues [34] as it provides
spatially resolved transcriptomic data on IFN-I responses elicited by A3 plaques. Shared
genes between IFN-I responses in the nasal epithelium (ciliated cells), OB, Amygdala, and
the IFN-I response versus amyloid plaques would then be scrutinized via Agora in order
to determine whether they are associated with an increased susceptibility to AD.

2.2. Dataset Selection

PubMed was inquired for studies on RN A-sequencing of the nasal mucosa, olfactory
bulb, and amygdala samples from COVID-19 patients vs. controls, representing the ol-
factory pathway from the nasal epithelium to the amygdala, the main processing hub for
odor identification.

For nasal mucosa transcriptomes, the query “nasal mucosa; SARS-CoV-2; gene expres-
sion” was submitted to PubMed on 31 December 2023, retrieving 40 studies after excluding
preprints. Among these, 39 studies did not provide gene expression data on ciliated
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cells infected by SARS-CoV-2. Ziegler et al.’s study [28] was selected for further analysis
(n =58).

For amygdala mucosa transcriptomes, the query “amygdala; SARS-CoV-2; gene ex-
pression” was submitted to PubMed on 31 December 2023, retrieving two studies after
excluding preprints. Serrano et al.’s study [35] was selected for further analysis (1 = 36;
18 controls vs. 18 COVID-19 patients).

For olfactory bulb transcriptomes, the query “olfactory bulb; SARS-CoV-2; gene
expression” was submitted to PubMed on 31 December 2023, retrieving six studies after
excluding preprints. Serrano et al.’s study [35] was selected among them (n = 40; 20 controls
vs. 20 COVID-19 patients).

For the Alzheimer’s disease datasets, we selected data from Das and colleagues [34]
as it reported on sequencing of spatially resolved data, accounting for gene expression
changes in relation to either A plaques or neurofibrillary tangles. This unique dataset
would allow us to detect, if present, IFN-I signatures in glia and in association with
either pathology [36] and, by comparing them with the COVID-19 IFN-I signatures,
determine overlap.

The search strategy for each COVID-19 dataset is reported in Supplementary Materials
File S1. We excluded studies based on the following criteria:

1.  Regarding study design:

a.  Reviews.
b.  Studies on children.
C. In vitro or animal experiments, including gene expression data derived from

such experiments.
d.  Study design unrelated to COVID-19 or focusing on a specific comorbidity.

e. Sample size <5 per group.
2. Regarding gene expression data:
a.  Gene expression data limited on SARS-CoV-2 entry factors.
b.  Gene expression data are limited on immune or other gene panels.

The dataset available by Das and colleagues was specifically selected due to its design
and, specifically, the user of laser capture microdissection to capture and sequence temporal
lobe A plaques from AD patients and controls, followed by RNA sequencing. The data
generated by this approach would provide unique insight into whether IFN-I signatures
result from a specific aspect of AD neuropathology in the brain, as we hypothesized.

2.3. Leveraging Gene Set Enrichment Analysis (GSEA) Results from COVID-19 and Alzheimer’s
Disease Datasets

Gene-set enrichment analysis was performed as a confirmatory procedure for the nasal
ciliated cell gene set and an exploratory procedure following the identification of shared
genes between the COVID-19 and AD datasets. As a confirmatory procedure, GSEA was
used to extract an IFN-I gene from the Ziegler et al. dataset utilizing the Reactome database
in order for it to be directly comparable with the other signatures reported from the OB,
amygdala, and AD datasets (Supplementary File 52). As an exploratory procedure, GSEA
aimed to reveal whether genes shared between COVID-19 and AD datasets enriched innate
immune pathways and specifically IFN-1. GSEA was performed via Enrichr using standard
parameters [37]. In brief, gene lists (sets) are uploaded to Enrichr, and subsequently,
enrichment is determined by several available ranking methods. p-values are calculated via
Fisher’s exact test, with the hypothesis that input genes are independent, i.e., not a network.
The g-value is an adjusted p-value calculated by applying the Benjamini-Hochberg method.
While the other two methods provided by Enrichr, the odds ratio ranking and combined
score were in accordance with the adjusted p-values [38], we report on the latter as it is
generalizable in IFN-I pathways we obtained directly from referenced datasets.

For all analyses, p-values and adjusted p-values/qg-values < 0.05 were considered
statistically significant.
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2.4. Detection of Specific Overlapping Genes in Type I Interferon Signatures and Their
Determination as Gene Network—the Minimal Dysregulated Network

InteractiVenn [39] was used to identify shared genes across significant type I interferon
signatures in COVID-19 transcriptomes (Represented by the Reactome “R-HSA-909733-
Interferon alpha/beta signaling”) from the reconstructed transolfactory pathway and the
type I interferon signature identified in the Alzheimer’s disease transcriptome used for
comparison. These genes were subsequently investigated by STRING [40] in order to
determine whether their respective proteins represent a valid interactome. To achieve
this, STRING integrates and interrogates multiple sources of data, including text mining,
databases of biological experiments, genomic context, and co-expression computational
predictions. Following the input of a candidate interactome, STRING reports on a protein—
protein Interaction (PPI) score; PPI scores < 0.05 indicate significant enrichment of this
network,, i.e., significantly more interactions than what would be expected by chance
between the members of a random interactor gene set of the same size.

2.5. Leveraging the Agora Multi-Omics Database to Identify Gene-Disease Associations with
Alzheimer’s Disease

In order to determine associations between interferon-associated genes shared across
COVID-19 tissue that were also associated with Alzheimer’s disease, we leveraged the
Agora resource. Agora (Available from: https://agora.adknowledgeportal.org/ Accessed
5 January 2024) is a web application that compiles high-dimensional human transcriptomic,
proteomic, and metabolomic evidence from multiple sources and provides metrics on gene-
disease association with Alzheimer’s disease (AD). The Agora web resource is supported
by the National Institute on Aging’s Accelerating Medicines Partnership in Alzheimer’s
Disease (AMP-AD) consortium and Target Enablement to Accelerate Therapy Development
for Alzheimer’s Disease (TREAT-AD) centers, as well as other collaborating research teams.

For the intended comparisons, we considered the “RNA-differential expression” and
the “AD diagnosis-male and females” via gene comparison tool, and a significance value of
<0.05 was considered statistically significant for each tissue anterior cingulate cortex (ACC);
Cerebellum (CBE); dorsolateral prefrontal cortex (DLPFC); frontal pole (FP); inferior frontal
gyrus (IFG); posterior cingulate cortex (PCC); parahippocampal gyrus (PHG); superior
temporal gyrus (STG); temporal cortex (TCX). For each gene input, the tool returns three
scores (Target risk score, range 0-5; Genetic Risk score, range 0-3; Multi-omic Risk score,
range 0-2; higher scores indicate a greater likelihood of disease association). The Multi-
omic Risk summarizes transcriptomic and proteomic evidence supporting the target gene’s
association with late-onset Alzheimer’s Disease from multiple studies. The Genetic Risk
Score is a summary of genetic evidence supporting the target gene’s association with late-
onset Alzheimer’s Disease from multiple genetic studies. Finally, the Target Risk Score
(TRS) represents the gene target’s general relevance to Alzheimer’s Disease. The TRS is the
sum of the target’s Genetic Risk Score and Multi-omic Risk Score, and the higher the score,
the more likely the gene involved in AD pathogenesis and confer risk. In this study, we
report on genes with TRS > 2.5 and statistically significant differential expression in at least
one CNS area.

3. Results
3.1. Interferon Signaling Pathways Is Significantly Enriched along the Transolfactory Route in
COVID-19 and in Response to Alzheimer’s Disease Pathology

GSEA identified two signatures significantly enriching the R-HSA-909733-“Interferon
alpha/beta signaling” pathway for olfactory bulb and amygdala donated by COVID-19
patients Nofactory bulb20 genes and Namygdala = 45 genes, correspondingly). In turn, GSEA
via Enrichr returned the significantly enriched “Interferon alpha/beta signaling” Reactome
pathway (Ngjiated = 31 genes) leveraging the Ziegler et al.’s dataset. In GSEA results
reported by Das and colleagues, the same pathway (R-HSA-909733; nap = 73 genes) was
significantly enriched in the plaques vs. tangles subset of comparisons.
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Amygdala
(45)

Correspondingly, gene-set enrichment analysis of genes differentially expressed in
ciliated cells from COVID-19 patients revealed that the Reactome pathway R-HSA-909733-

“Interferon alpha/beta signaling” was significantly enriched, as originally reported [38].

Genes enriching this pathway for each tissue subset were subsequently used to plot a Venn
diagram via InteractiVenn and determine those that were shared between nasal ciliated
cells, OB, amygdala, and the AD interferon signatures.

3.2. Shared Genes between the Transolfactory Route and in Response to Alzheimer’s Disease
Pathology Represent a Type I Interferon Network Containing IFITM and OAS Family Genes

The InteractiVenn approach revealed all genes enriching the IFN-I signature from the
AD study overlapped with at least one COVID-19 tissue. Out of these, 14 genes overlapped
between COVID-19 (nasal ciliated cells, olfactory bulb, amygdala) vs. Alzheimer’s disease
pathology IFN-I transcriptomes (Figure 1 and Supplementary Files S3 and S4). STRING
indicated that these 14 genes corresponded to a significantly enriched PPI network (PPI
enrichment p-value < 1 x 1071%; Figure 2 and Supplementary File S5). Significantly en-
riched biological pathways and functions associated with this interactome included innate
immunity, host-virus interactions, and response to interferon beta and gamma signaling
(Table 1 and Supplementary File S6).

Nasal Ciliated
(31)

Figure 1. Venn diagram of genes overlapping between all COVID-19 transcriptomes (nasal ciliated
cells, olfactory bulb, amygdala) and the Alzheimer’s disease pathology dataset. AD: Alzheimer’s
Disease; OB: Olfactory bulb.
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Known Interactions Predicted Interactions Others

Figure 2. Network view of the 14-gene signature overlapping between COVID-19 tissues
and Alzheimer’s disease pathology. Each node represents a protein, whereas edges represent
protein—protein interactions. Each line represents the synthesis of several lines of evidence denoting
either known or predicted interactions, i.e., from curated databases, experimentally determined
gene fusions, gene co-occurrence, text-mining, co-expression, and protein homology. Line thickness
repres ents the strength of association (normalized within a 0-1 range). Red corresponds to genes
significantly enriching the Type I interferon gene signature.

Table 1. Significantly enriched Reactome pathways associated with the 14 gene signature.

Reactome Term ID Term Description False Discovery Rate
R-HSA-909733 Interferon alpha/beta signaling 5.68 x 10731
R-HSA-877300 Interferon-gamma signaling 1.51 x 108
R-HSA-1236977 Endosomal/Vacuolar pathway 8.23 x 1078

R-HSA-1236974 ER-Phagosome pathway 1.40 x 107°
} } Antigen Presentation: Folding, assembly, and 6
R-H5A-983170 peptide loading of class I MHC 184 >10
R-HSA-9705671 SARS-CoV-2 a.ctlv.ates /modulates innate and 465 x 10-6
adaptive immune responses
Immunoregulatory interactions between a 6
R-H5A-198933 Lymphoid and a non-Lymphoid cell 533 %10
R-HSA-1169410 Antiviral mechanism by IFN-stimulated genes 5.74 x 107>
R-HSA-2172127 DAP12 interactions 0.00049
R-HSA-1280218 Adaptive Immune System 0.00097
R-HSA-5663205 Infectious disease 0.0027
R-HSA-8983711 OAS antiviral response 0.0029
R-HSA-168249 Innate Immune System 0.005

3.3. Gene-Disease Associations between the Type I Interferon Signature and Alzheimer’s
Disease Diagnosis

Scrutinizing the Agora resource, we determined that 9 out of 14 genes had a target risk
score >2.5 and were significantly differentially expressed in AD vs. control comparisons,
namely HLA-C (4.74), HLA-B (4.68), HLA-A (4.33), PSMBS (4.05), IFITM3 (3.42), HLA-
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E (3.17), IFITM1 (3.08), OAS2 (2.92) and MX1 (2.6). See Supplementary File S7 for the
raw data.

4. Discussion

Our study supports a growing body of research that indicates a global challenge of
type I interferon signaling secondary to SARS-CoV-2 infection. Our findings suggest a con-
tinuum of IFN-I dysregulation exists along the transolfactory route of COVID-19 patients
regardless of neuroinvasion, extending from the nasal epithelium to the amygdala. The
genes implicated are furthermore shown to characterize the glial response to Alzheimer’s
disease pathology and are furthermore potentially associated with its diagnosis as deter-
mined by aggregated multi-omic evidence. These findings suggest that type I interferon
signaling represents a robust candidate for the mechanism of cognitive impairment in the
post-COVID spectrum and that it may contribute to glial-driven neuroinflammation in the
setting of Alzheimer’s disease via dysregulated IFITM and OAS family genes and impaired
cognitive resilience mechanisms.

4.1. Type I Interferon as a Mechanism for Cognitive Impairment in Long COVID

Neuroimaging and clinical evidence on the impact of COVID-19 in the CNS converge
in neurodegenerative changes affecting areas associated with cognition, as well as the
extended olfactory network [27,41-43]. While neuroanatomical studies have failed to
show productive neuroinfection in the majority of patients [31], cognitive impairment
remains a frequent complaint and one that causes significant impairment [44]. Dysregulated
interferon signaling secondary to SARS-CoV-2, especially in sites proximal to the CNS,
is well documented [29], with the transolfactory route presenting an attractive target of
study due to projections to the limbic system. Dysregulations of IFN-I directly impact
tonic IFN-I in the CNS, a signaling biorhythm that is necessary for hippocampal synaptic
plasticity, adult neo-neurogenesis, and, by extension, cognitive function [6,45]. Our study,
therefore, identifies the presence of dysregulated IFN-I cascades in patients with COVID-19,
an adequate mechanism by which cognitive impairment and neurodegenerative changes
can occur. Our current findings support our proposed model [2] and the concept of indolent
neuroinfection restricted proximally to its porting site [46].

Notably, independent studies have provided support to our model [4,5,47,48]. No-
tably, while we focused on a transolfactory route for relaying IFN-I signaling, several
studies have found IFN-I dysregulations in sites such as the frontal cortex [30] and brain
endothelial cells [20,49-51]. Per our expanded model [3], infection beyond the porting
site may not be necessary, but it is not precluded: indolent or “slow burning” infection
of astrocytes by SARS-CoV-2 has been shown to occur [19,52,53] and may represent yet
another mechanism by which aberrant type I interferon signaling impacts cognition and
associated neuroanatomical hubs [6]. Most importantly, our current findings suggest
dysregulated IFN-I in the CNS following COVID-19, and by extent, impaired plasticity
and neurogenesis—effects that have already been observed and retroactively provide firm
support to the mechanistic aspect of our findings [6,42,43].

The plausibility of IFN-I-centric crosstalk between central and peripheral immunity is
furthermore supported by the robust relationship between individual interactors within the
14-gene signature and innate immune processes relevant to both the periphery and the CNS.
Human Leukocyte Antigen (HLA) gene expression is one such example of genes linking
peripheral and CNS immune processes with neuronal survival, whose dysfunction has
been previously linked to AD [54]. Similarly, the significantly enriched pathway “DAP12
interactions” refers to interactions mediated by the DAP12/TYROBP transmembrane
adaptor protein that mediates both peripheral innate immune processes and Clg-mediated
synaptotoxicity [55].

A direct implication of this analysis, however, is the implication of a druggable IFN-I
network in SARS-CoV-2’s effect on cognition, highlighted by the enrichment of an interferon
beta-1la interactome in our findings [56]. Administration of interferon beta has been
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shown to ameliorate glial neuroinflammation in previous studies of SARS-CoV-2 infected
cells [30,57], and further research into nasal delivery of interferon beta, as well as its timing
in the disease, may be warranted.

4.2. Type I Interferon Signaling as Common Ground between COVID-19 and Alzheimer’s Disease:
A Hint towards Nucleic Acid Immunity and the cGAS-STING-IFITM3 Axis

In previous works, we hypothesized that an overlap between COVID-19 and Alzheimer’s
disease was plausible on the premise of shared innate immunity dysregulations, specifically
involving IFN-I [2,3,56]. The hippocampus, a site critical for cognition, is reliant upon tight
maintenance of tonic IFN-I, with even peripheral immune challenges resulting in synaptic
loss and neurodegeneration [6,58-60].

Taken together, these studies provide further support to crosstalk between tonic IFN-I
within the CNS and the periphery. At the same time, IFN-I tonicity within the CNS tightly
regulates several homeostatic processes, including adult neo-neurogenesis, synaptic plastic-
ity [6,59,61], and proteostasis (represented by the PSMBS8 gene in our findings, a constituent
of the immunoproteasome; Table 1). In turn, aberrantly phosphorylated tau [13,62], beta-
amyloid, and intrinsic PAMPs [10,63] affect IFN-I tonicity mainly through microglial and en-
dothelial cell activation of IFN-I coupled pathways, such as the DNA-sensing cGAS-STING
pathway [64] and the RNA-sensing OAS antiviral pathway [65], also enriched in our
analysis (Table 1). Notably, the X-linked inhibitor of apoptosis (XIAP)-associated factor
1 (XAF1) identified herein is an interferon-stimulated gene (such as ISG15, also identi-
fied in our study) that acts as a positive regulated of innate immunity and specifically
anti-RNA responses [66]; Notably, in deficient nonsense-mediated decay processes and
leakage of intrinsic nucleic acids may simulate viral infection by stimulating these nucleic
acid surveillance systems and result in microgliosis and IFN-I upregulation, as previously
shown [63,67].

SARS-CoV-2’s effects on brain organoids, animal models, and neuropathological
studies have consistently involved tauopathy, microglial activation, and neuronal loss in
the absence of productive infection [52,53,68-71]. Our hypothesis and the work presented
herein support the concept of an outside-in disruption of tonic IFN-I in the CNS as a primer
for these events.

Is this disrupted IFN-I tonicity an important contributor to Alzheimer’s disease patho-
biology? A growing body of research posits that infections, particularly viral, increase the
risk for Alzheimer’s and related dementias [72]. Aside from our own study [2], others
have also compared Alzheimer’s disease and COVID-19 transcriptomes and found shared
dysregulations in innate immune pathways, including IFITM and OAS family genes both
in neuropathological studies and murine models [18,73]. IFITM3 is of particular note
as its expression has been shown to be modulated by cGAS-STING, a pathway that is
critical for SARS-CoV-2 infection [74] as it is for resilience against tau [62] and A [75]
induced neuroinflammation-with IFITM3 itself being an amyloidogenic gamma secretase
modulator [14]. Notably, the cGAS-STING3 axis is responsive to both cytosolic DNA
regardless of its origin (i.e., intrinsic or xenobiotic) and to extrinsic tau fibrils [13] and
A seeds [75]. Downstream cGAS-STING-mediated activation of the [NACHT, LRR, and
PYD domains-containing protein 3 (NLRP3) inflammasome under sterile and non-sterile
triggers [76,77], however, may exacerbate both tau and A pathology and its propagation,
in part via IFN-I signaling relayed from microglia to neurons [78]. This would imply a
potentially self-perpetuating inflammatory loop, whose drivers may be interchangeable:
nucleic acids from invading pathogens, nucleic acids from damaged mitochondria, and
proteopathic seeds caught in a positive feedback loop with cGAS-STING at its epicenter
and IFN-I-driven pathology as an added detriment.

4.3. Limitations, Strengths, and Outstanding Questions

Our study’s findings should be interpreted within the context of its limitations. As this
was an in silico investigation, we cannot confirm our results in a prospective manner or via
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replication of the studies whose datasets were re-analyzed; this can only be performed by
designing a similar experiment prospectively. Rather, we aimed to identify IFN-I in gene
expression data that had previously been generated. The main idea behind attempting
this synthesis and the comparisons described herein is to examine the plausibility of an
IEN-I centric model for SARS-CoV-2’s effect on the CNS and its overlap with Alzheimer’s
disease as described in previous works from our group [2,17,21]; notably, aside from our
work or the transolfactory concept explored herein, independent studies have provided
further support to this concept [18-20].

A major limitation to be considered when interpreting our analysis is the current
data source diversity. Specifically, there is a single study on gene expression data from
the amygdala and olfactory bulb combined (Supplementary Materials File S1; n = 36;
18 controls vs. 18 COVID-19 patients donating amygdala tissue, specifically [35]). Likewise,
detailed data on ciliated cells infected by COVID-19 fitting the criteria of our study were
available from one out of 40 studies (Supplementary Materials File S1; n = 58 [28]). The lack
of other studies providing data on the extended olfactory network enforces a modicum of
selection bias that is currently unavoidable; therefore, its impact on the reproducibility and
the context of our work should be tested by subsequent studies. Indirect evidence (i.e., from
studies of human brain interactomes albeit different loci, however, indicates that IFN-I
dysregulation is a plausible and, as elsewhere noted, dysregulated mechanism in the CNS
following COVID-19 exposure and in the absence of fulminant neuroinfection [30]). Our
analyses, despite their limitations on that aspect, would therefore reinforce this concept.

The added value of the current investigation is that COVID-19 transcriptomes are
derived from nasal epithelia and the establishment of IFN-I dysregulation along contiguous
anatomically and functionally connected sites; subsequently, we aimed to determine the
potential association of this derived interactome with IFN-I signatures in Alzheimer’s
disease, as previously described in our works [2]. A consequent limitation of our study,
however, is that aside from the tissues examined, we cannot infer whether other areas
critical for cognition are directly affected by IFN-I. While not analyzed in our current study,
frontal lobe transcriptomes from COVID-19 patients have been reported to share IFN-I
perturbations with frontal lobe transcriptomes from Alzheimer’s disease patients in at
least one study [79]. Others have also reported the choroid plexus as a potential site of
inflammation with cognitive consequences, and IFN-I dysregulation here may be a shared
feature between COVID-19 and Alzheimer’s disease [5,19,45]. Arguably, however, the
regulation of both type I and type II interferon signaling is important for both COVID-19
and Alzheimer’s disease, a point that has not been exhaustively explored herein.

Another limitation and an outstanding research question in the current analysis is it
was not designed to assess the contribution of exosomes in the neuropathology caused by
COVID-19, which could transfer nucleic acids and cellular debris that could potentially
trigger nucleic acid-responsive innate immune mechanisms, such as cGAS-STING and OAS.
Gene expression on the BBB [11,80,81] or the choroid plexus [5,19,45] were similarly not
examined, albeit, as previously mentioned, both IFN-I dysregulation and IFITM3 networks
have been reported. Likewise, other aspects of COVID-19’s trajectory that may implicate
innate immunity within the CNS, such as RNAemia [82] in the setting of a disrupted BBB,
were not the objective of the current study.

A final limitation and, similarly, an outstanding research question is the direct general-
izability of an IFN-I-centric rather than a pathogen-centric model of cognitive impairment
and contribution to Alzheimer’s disease pathology. The production of neurotoxic amyloids
has been previously shown to occur in Pseudomonas Aeruginosa pneumonia [83,84], and
Ap oligomers have been shown to inhibit and opsonize IAV [85]-providing traction to
their potential role as antimicrobial peptides [86]. SARS-CoV-2—Pseudomonas Aeruginosa
coinfection [87] may favor the latter’s expansion in the nasal epithelia [88], providing
another culprit capable of mechanistically inducing beta amyloidosis in the olfactory
and lung epithelia [89], and an inducer of innate immune responses, including type I
interferon signaling.
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5. Conclusions

Our study provides further support to a type I interferon signaling dysregulation
along the extended olfactory network, ranging from the nasal epithelium and extending to
the amygdala. We furthermore identify the 14 genes implicated in this dysregulated path-
way with Alzheimer’s disease pathology, among which HLA-C, HLA-B, HLA-A, PSMBS,
IFITM3, HLA-E, IFITM1, OAS2, and MX1 as genes with associated conferring increased
risk for the latter. The presence of genes associated with the response to IFN in this signa-
ture, as per our previous works [56] and as shown experimentally in other works [30,57],
suggests that further research into this class of therapeutics may be warranted.
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