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Abstract 
Introduction: IFITM3, an innate immune protein linked to COVID-19 severity, has 
recently been identified as a novel γ-secretase modulator. Independent research has 
shown that IFITM3 may facilitate SARS-CoV-2 neurotropism in an ACE2-independent 
manner. In a previous study, we had detected perturbations in IFITM3 networks in both 
the CNS and peripheral immune cells donated by AD patients. The purpose of this study 
is to explore the transcriptomic evidence of the SARS-CoV-2 / IFITM3 / AD interplay, 
validating previous findings from our group.  
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Methods: Exploratory analyses involved meta-analysis of bulk and single cell RNA 
data for IFITM3 and FYN differential expression. For confirmatory analyses, we 
performed gene set enrichment analysis (GSEA) on an AD gene signature from AD 
Consensus transcriptomics; using the Enrichr platform, we scrutinized COVID-19 
datasets for significant, overlapping enriched biological networks.  

Results: Bulk RNA data analysis revealed that IFITM3 and FYN were differentially 
expressed in two CNS regions in AD: the temporal cortex (AD vs. Controls, adj.p-
value=1.3e-6) and the parahippocampal cortex (AD vs. controls, adj.p-value=0.012). 
Correspondingly, single cell RNA analysis of IFITM3 and FYN revealed that it was 
differentially expressed in neuronal cells donated from AD patients (astrocytes, 
microglia and oligodendrocyte precursor cells), when compared to controls.  

Discussion: IFITM3 and by extent FYN were found as interactors within biological 
networks overlapping between AD and SARS-CoV-2 infection. SARS-CoV-2-
mediated FYN/IFITM3 induction would mechanistically result in increased Tau 
fibrilization and Aβ oligomerization. FYN recruitment by viral processes results in 
abrogation of both fusion of IFITM3 vesicles with lysosomes; immunoevasion, by 
FYN-mediated impairment of autophagy would then serve to promote impaired 
detoxification from Aβ, while propagating Tau pathology in an IFITM3-independent 
manner. 

 

MAIN MANUSCRIPT 

Introduction 
Interferon-induced transmembrane protein 3 (IFITM3) belongs to a family of proteins 
that act as a second line of defense against enveloped viruses, including SARS-CoV-2. 
IFITM3’s role in intercepting and shuttling viral particles to the lysosomes1 was 
recently complemented by its discovery as a novel γ-secretase modulator that promotes 
Αβ production2. Considering the accumulating evidence on common pathways between 
COVID-19 and Alzheimer’s disease (AD)3, we aimed to examine whether FYN, a 
kinase regulating IFITM3’s localization4 is accordingly perturbed in both AD and 
COVID-19 transcriptomes. Current state of the art transcriptomic evidence suggest that 
FYN interacts with SARS-CoV-2 during the course of infection5, and was found to be 
upregulated in a recent meta-analysis of SARS-CoV-2 expression datasets6. Expanding 
on our previous research on IFITM3 networks in AD5, we propose a comprehensive 
model of AD pathogenesis where viral induction of the IFITM3/FYN endocytosis 
signal could account for increased Aβ oligomerization via γ-secretase activation2. 
Furthermore, SARS-CoV-2 induced FYN dysregulation / overactivation5,6 would 
concomitantly and independently promote Tau fibrilization7, abrogate autophagy4, and 
prepare APP8 for processing by the previously activated (via IFITM32) γ-secretase 
complex. 

In order to explore FYN and IFITM3’s expression in AD, we meta-analyzed gene 
expression data from both bulk tissue and single cell RNA sequencing studies, aside 
from those previously examined2. Subsequently, we aimed to investigate the overlap 
between FYN/IFITM3’s biological networks and SARS-CoV-2 infectomics. Finally, 
we provide data on FYN/IFITM3 networks that arose in our previous study, and 
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integrated them in a comprehensive model of AD and AD-like manifestations of 
NeuroCOVID-19’s pathogenesis.   

 

METHODS 
 

Bulk RNA-seq data: The Accelerating Medicines Partnership Alzheimer’s Disease 
Project (AMP-AD) consensus datasets 

We inquired the publicly available Alzheimer’s disease consensus datasets (accessible 
via: http://swaruplab.bio.uci.edu:3838/bulkRNA/) for IFITM3 and FYN expression 
data9 (Supplementary Materials 1 – Extended Methods) 

Single cell RNA transcriptomics  

For single-cell expression studies, the scREAD database (Available from: 
https://bmbls.bmi.osumc.edu/scread/) was interrogated, to further characterize 
IFITM3’ and FYN’s expression in AD-donated tissue10,11 (Supplementary Materials 1 
– Extended Methods). 

Confirmatory gene set enrichment analyses (GSEA) 

We also performed confirmatory GSEA on differential gene expression data available 
from Morabito et al10 to detect IFITM3 in COVID-19 related datasets. GSEA was 
performed via the Enrichr platform12 (Available from: 
https://maayanlab.cloud/Enrichr/) on available COVID-19 datasets. These datasets 
included human ex vivo samples, murine and human cell lines as well as infectomics 
on organoids. For all analyses, adjusted p-values <0.05 were considered statistically 
significant.     

Data Availability Statement 

All data used in this manuscript are available online via Mendeley Data 
(https://data.mendeley.com/datasets/5bypp2h5kj/1 ). 

 

RESULTS 
 

Analysis of bulk RNA data revealed that IFITM3 was differentially expressed in two 
regions in the discovery datasets: the temporal cortex (Mayo Clinic Study, AD vs. 
Controls, adj. p-value=1.3e-6) and the parahippocampal gyrus (MSSM study, AD vs. 
controls, adj. p-value=0.012); (Fig.1). In the validation datasets, IFITM3 was 
differentially expressed in Zhang et al’s study9 (AD vs. Controls, adj. p-value<2.2e-6; 
Fig. 2). FYN was differentially expressed in the temporal cortex (Mayo Clinic Study, 
AD vs. Controls, adj. p-value=2.9e-5), the prefrontal cortex (ROSMAP Study, AD vs. 
Controls, adj. p-value=0.004) and the parahippocampal gyrus(MSSM study, AD vs. 
controls, adj. p-value=2.9e-5); Fig. 3. In the validation datasets, FYN was differentially 
expressed in two datasets, including Zhang et al’s study13 (AD vs. Controls, adj. p-
value<2.2e-16; Fig 4). 
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Figure 1. IFITM3 expression across the three comparison groups included in Morabito 
et al’s study – Cognitively Normal Controls, Asymptomatic AD susceptible and AD 
patients. The numbers on horizontal brackets indicate adjusted p-values per comparison 
group. Mayo.TC: Mayo Clinic Brain Bank (Mayo) temporal cortex (TC); 
ROSMAP.PFC: Religious Orders Study and Memory and Aging Project (ROSMAP) 
prefrontal cortex (PFC); MSSM.PHG,IFG,FP: Mount Sinai School of Medicine 
(MSSM) para-hippocampal gyrus (PHG), inferior frontal gyrus (IFG), superior 
temporal gyrus (STG) and frontal pole (FP). 

 

Figure 2. IFITM3 expression across the validation datasets included in Morabito et al’s 
study – Comparisons were made between cognitively normal controls and late-onset 
AD patients. The numbers on horizontal brackets indicate adjusted p-values per 
comparison group.  
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Figure 3. FYN expression across the three comparison groups included in Morabito et 
al’s study – Cognitively Normal Controls, Asymptomatic AD susceptible and AD 
patients. The numbers on horizontal brackets indicate adjusted p-values per comparison 
group. Mayo.TC: Mayo Clinic Brain Bank (Mayo) temporal cortex (TC); 
ROSMAP.PFC: Religious Orders Study and Memory and Aging Project (ROSMAP) 
prefrontal cortex (PFC); MSSM.PFHG,IFG,FP: Mount Sinai School of Medicine 
(MSSM) para-hippocampal gyrus (PHG), inferior frontal gyrus (IFG), superior 
temporal gyrus (STG) and frontal pole (FP). 

 

Figure 4. FYN expression across the validation datasets included in Morabito et al’s 
study – Comparisons were made between cognitively normal controls and late-onset 
AD patients. The numbers on horizontal brackets indicate adjusted p-values per 
comparison group.  

 

Correspondingly, cross-dataset comparisons of the scREAD database revealed that both 
IFITM3 and FYN were differentially expressed in neuronal cells donated from AD 
patients (astrocytes, microglia and oligodendrocyte precursor cells), when compared to 
controls (Supplementary Materials 2; adj. p-value<0.05).  
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Confirmatory GSEA indicated that FYN and IFITM3 biological networks were 
significantly enriched in several COVID-19 datasets containing SARS-CoV-2 
upregulated genes (Supplementary Materials 3; adjusted p-value<0.05).  

Finally, we include significantly enriched FYN signatures from entorhinal cortex 
neurons containing neurofibrillary tangles and hippocampal cortex neurons from our 
previous study5 for comparisons (Supplementary Materials 4a-d)   

 

DISCUSSION 
 

Viral induction of FYN / IFITM3 endocytosis signal as the trigger for tau 
aggregation and Αβ oligomerization 

Previous studies in AD have pinpointed innate immunity, endocytosis and lipid 
processing gene networks as major contributors to the neurobiology of AD10. In this 
study, we confirm, localize and expand this concept via multi-omics on FYN /IFITM3, 
as regulators of all aforementioned processes. The premise explored by Hur et al2 is 
now expanded by FYN dysregulation, as a driving force behind tau pathology in an Aβ 
independent manner4, complementing Aβ dependent, Tau-independent mechanisms14. 
FYN, however, has been shown has been shown to direct Tau pathology in both Aβ 
dependent and independent manners4. While the importance of IFITM3’s dysregulation 
in AD cerebral tissue was only recently confirmed2, we consider here for the first time 
FYN’s concomitant dysregulation within a functional context: that of an endocytosis 
signal, induced by viral infection4,15. In this setting, the concomitant priming of the γ-
secretase2 and APP8 would correspond to increased production of Aβ oligomers. 
Considering their antiviral proteins, Αβ overproduction coupled with a viral 
endocytosis signal would represent an efficient innate antiviral immune response16, 
immediately challenging invading pathogens in the extracellular milieu.  

 

SARS-CoV-2-related neurocognitive deficits and their importance in AD 
pathobiology 

COVID-19 has put tremendous pressure in researchers worldwide in order to mount an 
efficient response to the threat it represents. Increased awareness and intensive research 
efforts yielded increasing and evolving understanding of the its spectrum, one that 
includes both phenotypic and genomic overlap with neurodegenerative disease5,17. 
Among the more albeit easily underdiagnosed manifestations are neurocognitive 
symptoms, including memory defects, even among those patients recovered from mild 
disease18.  

A study reporting on a 3-month follow up of patients recovering from COVID-19 
uncovered microstructural alterations in the entorhinal cortex, associated with 
hyposmia, whereas memory loss was associated with hippocampal cortex remodeling19. 
These findings indicate that SARS-CoV-2 neurotropism can affect sites not only related 
to AD pathology, but spread via anatomically connected sites. Notably, olfactory 
dysfunction as an early symptom of AD has been previously attributed to the 
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dysfunction of prohibitins20, proteins targeted by SARS-CoV-2 during the 
establishment of cellular latency21. 

The overlap between SARS-CoV-2 neuroinvasion and AD features, would inadvertedly 
shift the focus back to whether the novel coronavirus can provide arguments in favor 
of the antimicrobial protection hypothesis. The answer to this question, lies within the 
IFITM3 / FYN regulatory network. 

 

FYN, IFITM3 and SARS-CoV-2 induced tauopathy: its importance in AD 
pathogenesis 

The recent identification of IFITM3 SNVs associated with severe COVID-19 and 
mortality all but assure that IFITM3 will inevitably interact with an invading SARS-
CoV-2 as a post-entry form of defense22. The importance of IFITM3’s antiviral 
functions1 become even more pronounced when considering its role as a gamma 
secretase2: a FYN-phosphorylated IFITM3 remains membrane bound, enhancing rather 
than restricting SARS-CoV-2’s cellular entry23. At the same time, IFITM3 remains 
available to interact with the γ-secretase complex2, while FYN activation independently 
promotes both Tau fibrillization and Aβ oligomerization (Figure 5). 

 

Figure 5. A comprehensive model of FYN regulation of AD pathogenesis in the setting 
of infection. (1) Interferon / viral infection-mediated induction of IFITM3 in the setting 
of neuroinflammation implicates FYN, as a regulator of its localization and degradation 
in the setting of an endocytosis signal. FYN-mediated Tyr20 phosphorylation (2) 
governs the localization of IFITM3 in either the membrane (3b) or the endosomes (3a), 
as well as its potential ubiquitination. IFITM3-enhanced γ-secretase oligomerization of 
Aβ (3b) would furthermore serve as both a feedback signal via PrPc (5), maintaining 
FYN in an active state and promoting Tau pathology (4). The latter step, rather than Aβ 
accumulation, has been shown to be the primary neurotoxic stimulus in the scenario of 
SARS-CoV-2 neuroinvasion. Persistent neuroinflammation, viral latency in case of 
defective endosome – lysosome fusion in a vulnerable area (i.e. the entorhinal cortex in 
transcribial neuroinvasion) would then account for a switch from tau pathology to Aβ 
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oligomer / Interferon “signal” spreading through neuronal projections to afferent sites, 
such as the hippocampi, as seen in SARS-CoV-2- related olfactory and memory 
impairment (6). 

 

FYN overexpression secondary to SARS-CoV-2 infection has been reported by several 
studies 5,6. Furthermore, it was independently confirmed in this study by an unbiased 
GSEA on differentially expressed genes associated with AD; This analysis revealed 
significantly enriched FYN and IFITM3 biological networks, associated with COVID-
19 infectomics on human ex vivo samples, human and murine cell lines as well as 
organoids (Supplementary Materials 3).   

Within the setting of this model, the primary event of SARS-CoV-2 induced 
neurodegeneration would be the induction of tau pathology in neurons.  SARS-CoV-2 
infection experiments with brain organoids have recently revealed that neuroinvasion 
is followed by altered neuronal distribution of hyperphosphorylated Tau24.  Even in 
non-neuronal cells, systems biology approaches have identified the induction of the tau 
kinase pathway and impaired autophagy following SARS-CoV-2 neuroinvasion25.   

It is important to consider that aside from host entry, FYN has been found to be actively 
recruited in intracellular viral processes such as viral RNA replication26, while subvert 
autophagy in favor of viral lifecycles27. In this setting, Tau fibril toxicity would function 
as a restricting mechanism for viral parasitism, killing the host and limiting productive 
infection. Considering that his proposed mechanism is linked to Αβ production, both 
would serve as an innate immune response: active viral parasitism would inescapably 
be limited by accumulating tau cytotoxicity, whereas simultaneous and continuous Aβ 
oligomerization would both prepare an antiviral milieu, and promote inflammation. 
Translating this model of SARS-CoV-2 neurodegeneration in the setting of the 
antimicrobial hypothesis of AD pathogenesis would posit major tau fibrilization and 
Aβ oligomerization are part of an innate immune response, with FYN / IFITM3 
functioning as both a mediator and sensor of viral entry. In this sense, tau pathology 
would predominate the site of primary infection (i.e. olfactory cortex) whereas Αβ 
oligomers would feedforward neuroinflammation via afferent projections, i.e. from the 
olfactory cortex to the hippocampi. The latter scenario is in line with significantly 
enriched FYN/IFITM3 networks uncovered in our previous work9 (Supplementary 
Materials 4a-d). This scenario could explain the COVID-19 neurocognitive 
manifestations, as well as olfactory impairments, as well as their associated radiological 
features19 .  

Our current work hypothesis should also be considered within its limitations. Currently, 
no study has evaluated the longitudinal development of pathologically proven AD 
following exposure to COVID-19. Furthermore, we are aware of only one study 
examining the mechanistic development of tauopathy in SARS-CoV-2 infected 
neurons24, and only one study on that included neuroimaging follow-up in post-
COVID-19 recoverees presenting with memory impairments19. To date, no study 
combines both a clinical and a basic science concept that can verify our model in a 
uniform manner. Another important limitation is that other AD-related genes are also 
implicated in COVID-19 infection, such as APOE28 and ACE229. While this implication 
further bolsters SARS-CoV-2’s potential role in AD pathogenesis, genetic variability 
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and gene interactions between these genes and the FYN/IFITM3 switch should be 
studied in detail, in order to elucidate their mechanistic effects. 

Our findings support FYN dysregulation in AD and suggest novel roles for 
FYN/IFITM3 in SARS-CoV-2 neuroinvasion. FYN dysregulation, as an independent 
mediator of tau pathology expands on recent findings by completing the spectrum of 
AD pathology. Further studies are needed to explore the FYN/IFITM3 regulatory loop 
proposed here in both AD and COVID-19’s neurocognitive manifestations, particularly 
considering that this pathway overlap is already druggable by tyrosine kinase inhibitors 
used both in AD and COVID-1930.   

 

REFERENCES 
1. Iadecola, C., Anrather, J. & Kamel, H. Effects of COVID-19 on the Nervous 

System. Cell 183, 16-27 e11, doi:10.1016/j.cell.2020.08.028 (2020). 
2. Hur, J. Y. et al. The innate immunity protein IFITM3 modulates gamma-

secretase in Alzheimer's disease. Nature 586, 735-740, doi:10.1038/s41586-
020-2681-2 (2020). 

3. Rahman, M. A., Islam, K., Rahman, S. & Alamin, M. Neurobiochemical Cross-
talk Between COVID-19 and Alzheimer's Disease. Mol Neurobiol, 
doi:10.1007/s12035-020-02177-w (2020). 

4. Chesarino, N. M., McMichael, T. M., Hach, J. C. & Yount, J. S. 
Phosphorylation of the antiviral protein interferon-inducible transmembrane 
protein 3 (IFITM3) dually regulates its endocytosis and ubiquitination. J Biol 
Chem 289, 11986-11992, doi:10.1074/jbc.M114.557694 (2014). 

5. Ahmed, S. et al. Regulatory Cross Talk Between SARS-CoV-2 Receptor 
Binding and Replication Machinery in the Human Host. Front Physiol 11, 802, 
doi:10.3389/fphys.2020.00802 (2020). 

6. Vastrad, B., Vastrad, C. & Tengli, A. Identification of potential mRNA panels 
for severe acute respiratory syndrome coronavirus 2 (COVID-19) diagnosis and 
treatment using microarray dataset and bioinformatics methods. 3 Biotech 10, 
422, doi:10.1007/s13205-020-02406-y (2020). 

7. Iannuzzi, F. et al. Fyn Tyrosine Kinase Elicits Amyloid Precursor Protein 
Tyr682 Phosphorylation in Neurons from Alzheimer's Disease Patients. Cells 
9, doi:10.3390/cells9081807 (2020). 

8. Briner, A., Gotz, J. & Polanco, J. C. Fyn Kinase Controls Tau Aggregation In 
Vivo. Cell Rep 32, 108045,  doi:10.1016/j.celrep.2020.108045 (2020). 

9. Vavougios, G. D. et al. Double hit viral parasitism, polymicrobial CNS 
residency and perturbed proteostasis in Alzheimer's disease: A data driven, in 
silico analysis of gene expression data. Mol Immunol 127, 124-135, 
doi:10.1016/j.molimm.2020.08.021 (2020). 

10. Morabito, S., Miyoshi, E., Michael, N. & Swarup, V. Integrative genomics 
approach identifies conserved transcriptomic networks in Alzheimer's disease. 
Hum Mol Gen 29, 2899-2919, doi:10.1093orga/hmg/ddaa182 (2020). 

11. Jiang, J., Wang, C., Qi, R., Fu, H. & Ma, Q. scREAD: A Single-Cell RNA-Seq 
Database for Alzheimer's Disease. iScience 23, 101769, 
doi:10.1016/j.isci.2020.101769 (2020). 

12. Kuleshov, M. V. et al. Enrichr: a comprehensive gene set enrichment analysis 
web server 2016 update. Nucleic Acids Res 44, W90-97, 
doi:10.1093/nar/gkw377 (2016). 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 2 February 2021                   



13. Zhang, B. et al. Integrated systems approach identifies genetic nodes and 
networks in late-onset Alzheimer's disease. Cell 153, 707-720, 
doi:10.1016/j.cell.2013.03.030 (2013). 

14. Um, J. W. & Strittmatter, S. M. Amyloid-beta induced signaling by cellular 
prion protein and Fyn kinase in Alzheimer disease. Prion 7, 37-41, 
doi:10.4161/pri.22212 (2013). 

15. Yamauchi, Y. & Helenius, A. Virus entry at a glance. J Cell Sci 126, 1289-1295, 
doi:10.1242/jcs.119685 (2013). 

16. Eimer, W. A. et al. Alzheimer's Disease-Associated beta-Amyloid Is Rapidly 
Seeded by Herpesviridae to Protect against Brain Infection. Neuron 99, 56-63 
e53, doi:10.1016/j.neuron.2018.06.030 (2018). 

17. de Erausquin, G. A. et al. The chronic neuropsychiatric sequelae of COVID-19: 
The need for a prospective study of viral impact on brain functioning. 
Alzheimers Dement, doi:10.1002/alz.12255 (2021). 

18. Woo, M. S. et al. Frequent neurocognitive deficits after recovery from mild 
COVID-19. Brain Commun 2, fcaa205, doi:10.1093/braincomms/fcaa205 
(2020). 

19. Lu, Y. et al. Cerebral Micro-Structural Changes in COVID-19 Patients - An 
MRI-based 3-month Follow-up Study. EClinicalMedicine 25, 100484, 
doi:10.1016/j.eclinm.2020.100484 (2020). 

20. Lachén-Montes, M. et al. Olfactory bulb neuroproteomics reveals a 
chronological perturbation of survival routes and a disruption of prohibitin 
complex during Alzheimer’s disease progression. Scientific Reports 7, 9115, 
doi:10.1038/s41598-017-09481-x (2017). 

21. Asghari, A., Naseri, M., Safari, H., Saboory, E. & Parsamanesh, N. The Novel 
Insight of SARS-CoV-2 Molecular Biology and Pathogenesis and Therapeutic 
Options. DNA Cell Biol 39, 1741-1753, doi:10.1089/dna.2020.5703 (2020). 

22. Zhang, Y. et al. Interferon-Induced Transmembrane Protein 3 Genetic Variant 
rs12252-C Associated With Disease Severity in Coronavirus Disease 2019. J 
Infect Dis 222, 34-37, doi:10.1093/infdis/jiaa224 (2020). 

23. Shi, G. et al. Opposing activities of IFITM proteins in SARS-CoV-2 infection. 
EMBO J, e106501, doi:10.15252/embj.2020106501 (2020). 

24. Ramani, A. et al. SARS-CoV-2 targets neurons of 3D human brain organoids. 
EMBO J 39, e106230, doi:10.15252/embj.2020106230 (2020). 

25. Gordon, D. E. et al. Comparative host-coronavirus protein interaction networks 
reveal pan-viral disease mechanisms. Science 370, 
doi:10.1126/science.abe9403 (2020). 

26. Kumar, R., Agrawal, T., Khan, N. A., Nakayama, Y. & Medigeshi, G. R. 
Identification and characterization of the role of c-terminal Src kinase in dengue 
virus replication. Sci Rep 6, 30490, doi:10.1038/srep30490 (2016). 

27. Li, M.Y., Naik, T.S., Siu, L.Y.L. et al. Lyn kinase regulates egress of 
flaviviruses in autophagosome-derived organelles. Nat Commun 11, 5189 
(2020). https://doi.org/10.1038/s41467-020-19028-w 

28. Mohammadi, S., Moosaie, F. & Aarabi, M. H. Understanding the Immunologic 
Characteristics of Neurologic Manifestations of SARS-CoV-2 and Potential 
Immunological Mechanisms. Mol Neurobiol 57, 5263-5275, 
doi:10.1007/s12035-020-02094-y (2020). 

29. Huang, J. et al. Potential of SARS-CoV-2 to Cause CNS Infection: Biologic 
Fundamental and Clinical Experience. Frontiers in Neurology 11, 
doi:10.3389/fneur.2020.00659 (2020). 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 2 February 2021                   



30. Weisberg, E. et al. Repurposing of Kinase Inhibitors for Treatment of COVID-
19. Pharm Res 37, 167, doi:10.1007/s11095-020-02851-7 (2020). 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 2 February 2021                   


