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Abstract

The mechanisms by which SARS-CoV-2 infection lead to neuroinflammation and cognitive
impairment in COVID-19 and Long COVID are unclear. Cerebrovascular Wnt/ 3-catenin
pathway activity is suppressed in association with neuroinflammation and cognitive impair-
ment in a mouse model of COVID-19. In this study, we asked whether SARS-CoV-2 (NY Iota
strain) infection of astrocytes would result in cell-autonomous changes in Wnt/ 3-catenin
pathway components. We report that induced pluripotent stem cell (hiPSC)-derived human
astrocytes (iAs) are susceptible to sustained infection with SARS-CoV-2 in vitro. Real-time
PCR revealed that SARS-CoV-2 infection of iAs decreased transcripts for Wnt3a, Wnt10b,
and the downstream pathway effectors 3-catenin and TCF3. Wnt7b was increased, as was
the proinflammatory chemokine CXCL10. No changes were noted in Wnt3, Wnt7a, TCF1,
TCF4, or LEF1. These data indicate that SARS-CoV-2 infection differentially influences
Wnt/ 3-catenin pathway components in astrocytes. These data could have implications for
the mechanistic basis of COVID-19 and Long COVID.
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1. Introduction

SARS-CoV-2 cases have totaled over 700 million worldwide with over 5 million deaths.
Throughout the pandemic, many patients infected with SARS-CoV-2 experienced neurolog-
ical symptoms such as loss of sense of smell and taste, headaches, hypoxia, neuroinflam-
mation, cerebrovascular pathology, and encephalitis [1-3]. At least 10% of SARS-CoV-2
patients develop Long COVID, often including neurocognitive impairments like brain
fog and memory loss [4-6]. The causes of Long COVID are incompletely understood,
but could involve infection of CNS cells. However, the extent to which brain cells are
directly infected with SARS-CoV-2 is controversial. Indeed, reports have [2,3,6-13] or
have not [14,15] found evidence of SARS-CoV-2 infection in the brain. Therefore, the
extent to which SARS-CoV-2 infection/exposure of neural cells contributes to neurologic
disease is an area of ongoing investigation. Some data supports that astrocytes can be
infected with SARS-CoV-2 [1,16,17] and SARS-CoV-2 viral products induce potent cellular
neuroinflammatory responses [1,8,11,18-20]. Indeed, astrocytes robustly express multi-
ple SARS-CoV-2 receptors [21]. Astrocyte infection or exposure to viral products could
contribute to COVID-19/Long COVID neuropathogenesis by altering key homeostatic or
inflammatory pathways in the brain [1,2,11,22-24].
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COVID-19/Long COVID neurologic deficits are strongly associated with blood-brain
barrier (BBB) permeability and dysregulation of neurogenesis [25-27]. The Wnt/ 3-catenin
pathway is important for BBB integrity [28-37]. Interestingly, several studies support that
the Wnt/3-catenin pathway may be disrupted in the brain in COVID-19 patients and
models, as evidenced by elevation of Wnt/ 3-catenin pathway inhibitors and reduction in
expression of Wnt/ 3-catenin transcriptional targets [22,38-41]. Wnt/[3-catenin pathway
activation increases brain endothelial cell barrier properties and influences cell prolifera-
tion [42—-46]. Therefore, alterations in Wnt/ 3-catenin signaling could influence these pro-
cesses in COVID-19. Indeed, we previously reported that cerebrovascular-targeted delivery
of an engineered Wnt7a ligand improved BBB integrity, neuroinflammation, and cognitive
function in mouse-adapted SARS-CoV-2 (MA10), a mouse model of COVID-19 [40].

Canonical Wnt/ -catenin signaling is initiated by Wnt binding to a receptor com-
plex minimally consisting of a Frizzled seven transmembrane protein, and low-density
lipoprotein-related protein 5/6 (LRP 5/6) [47,48]. This interaction causes the 3-catenin
destruction complex (Axin, Disheveled (DVL), casein kinase-1a (CK-1), and glycogen
synthase kinase-3p3 (GSK-3§3)) to dissociate from LRP 5/6 due to its phosphorylation by
CK-1oe and GSK-3$3 [47,48]. Then p-catenin becomes stabilized due to hypophospho-
rylation and translocates into the nucleus. p-catenin binds to the TCF/LEF complex,
recruits transcription factors such as Pygo, Bcl9, and CBP/p300, and regulates gene ex-
pression [47,48]. Wnt/ 3-catenin signaling is known to be disrupted in other neurological
diseases including Human Immunodeficiency Virus (HIV)-Associated Neurocognitive Dis-
orders (HAND) [47,49-51], Zika [52], Multiple Sclerosis (MS) [53,54], Alzheimer’s disease
(AD) [55-57], Parkinson’s disease (PD) [58,59], and Huntington’s disease (HD) [60].

Astrocytes participate in the Wnt/ 3-catenin pathway by secreting and by receiving
Wnt ligands. For example, astrocyte secretion of Wnt ligands critically regulate BBB prop-
erties of brain endothelial cells [28,61,62] and neurogenesis [63]. Astrocytes also respond
to Wnt ligands through activation of the Wnt/3-catenin pathway, with notable effects
including suppression of proinflammatory cytokines such as IFNy [64-66], granulocyte—
macrophage colony-stimulating factor (GM-CSF) [64,67], and TNF« [68]. Previous studies
have shown that canonical Wnt signaling components such as 3-catenin and TCFs-1, -3,
and -4 are expressed in astrocytes [47,69]. However, these are downregulated in astrocytes
infected with HIV or treated with the virally induced cytokine IFNvy [47,70,71]. Importantly,
downregulation of canonical signaling components within astrocytes de-represses astrocyte
production of IL-6 [68] (a pleiotropic cytokine) [68,72-74] and IL-8 [75] (a chemoattractant
for leukocyte trafficking into the CNS) [75-77]. Previous studies have shown that downreg-
ulation of (3-catenin leads to astrocytic senescence, and eventually, neuronal injury [78,79].

Here, we explored how SARS-CoV-2 infection modulates the Wnt/ 3-catenin pathway
in astrocytes and their subsequent inflammatory reaction in vitro. We tested the extent to
which astrocyte infection with SARS-CoV-2 would alter Wnt/ 3-catenin pathway activity,
production of Wnt ligands, and production of the chemokine CXCL10. We used human
inducible pluripotent stem cell (hiPSC)-derived astrocytes (iAs) because they replicate
quickly, are transcriptomically consistent with astrocytes of other studies, easily assessable,
cost-effective, and robustly express the Wnt/ 3-catenin pathway [48,50,53,60,65,80,81]. We
found that some components of the Wnt/3-catenin pathway (3-catenin, TCF3, Wnt3a,
and Wnt10b) are downregulated in response to SARS-CoV-2 infection. Yet, Wnt7b was
induced in response to SARS-CoV-2 infection. Furthermore, infection upregulated CXCL10.
Changes in Wnt/ 3-catenin signaling in SARS-CoV-2-exposed astrocytes could shed light
on potential neuropathogenic mechanisms of COVID-19/Long COVID.
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2. Materials and Methods
2.1. Cell Culture

Human inducible pluripotent stem cell (hiPSC)-derived astrocytes (iAs) were a gener-
ous gift from Dr. Lena Al-Harthi (Rush University Medical Center, Department of Microbial
Pathogens and Immunity, Chicago, IL, USA). Differentiation and phenotypic characteriza-
tion of iAs from hiPSC has been previously described by Dr. Al-Harthi’s group [81], and is
assessed here (Figure 1). As before [81], the iAs were maintained and cultured in astrocyte
medium (AM, Cat. #1801, ScienCell, Carlsbad, CA, USA) consisting of basal medium sup-
plemented with 2% fetal bovine serum (FBS, Cat. #0010, ScienCell), 1% astrocyte growth
medium supplement (AGS, Cat. #1801, ScienCell), and 1% penicillin/streptomycin (P/S,
Cat. #0503, ScienCell) solution. Days 52-86 were used in these experiments. Cells were
maintained in a 5% CO, humidified atmosphere at 37 °C.
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Figure 1. iAs cultures contain astrocytes. (A-F) Flow cytometry was used to probe iAs cultures to
confirm astrocyte identity. Cell suspensions were gated by forward and side scatter for single cells
(A—C). Vital dye exclusion was used to identify live cells (D). Live singlets were gated for positivity
for the astrocyte marker GFAP (E). An average of 88% of live cells were positive for GFAP (F; range,
85.1-89.1%). The statistical analysis of (F) is detailed in Table S1.

2.2. Virus and Viral Infections

The following reagent was obtained through BEI Resources, NIAID, NIH: SARS-
Related Coronavirus 2, Isolate hCoV-19/USA /NY-NP-DOH1/2021 (Lineage B.1.526), NR-
55359, contributed by Dr. David D. Ho, Columbia University. Virus was propagated for one
passage on VeroE6 cells. iAs were ~90% confluent at the time of infection and used 24-96 h
post infection for further downstream applications. Infection of virus was at 3 multiplicity of
infection (MOI)/12-well format in infection media consisting of OptiMem (Cat. #31985070,
ThermoFisher Scientific, Waltham, MA, USA) 1% P/S (Cat. #A5873601, ThermoFisher
Scientific), and 2% FBS (Cat. # A5209401, ThermoFisher Scientific). Infection volume was
at least 200 uL/well in a 12-well plate. When infecting, the iAs were maintained in a 5%
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CO; humidified atmosphere at 37 °C, rocking every 15 min for 1 h. Afterward, virus was
removed, the iAs were washed three times with warmed Phosphate Buffered Saline (PBS,
Cat. #AM9625, ThermoFisher Scientific), fresh media was added, and iAs incubated in a
5% CO, humidified atmosphere at 37 °C overnight. All infections were performed under
Biosafety Level 3 (BSL3) containment.

2.3. Flow Cytometry

iAs treated with mock or SARS-CoV2 for 24 h were trypsinized for 5 mins and washed
with iAs medium containing FBS. Cells were stained with Zombie-Violet (1:200, Biolegend
Cat. #423113, San Diego, CA, USA) for 30 minutes and washed with 0.5% PBS + BSA. Fol-
lowing Fix/Perm, cells were stained with anti-GFAP-AF647 (1:50, Abcam, Cat.#AB279290,
Cambridge, UK) and anti-f3-catenin-PE (1:50, Biolegend Cat. #862603, Cambridge, UK) for
30 min, washed, and resuspended in 0.5% PBS + BSA and analyzed on CytoFlex S at UIC’s
Flow Cytometry Core.

2.4. Quantitative Real-Time PCR

RNA was isolated using Tri Reagent (Sigma, St. Louis, MO, USA) as per manufacturer’s
instructions. cDNA was synthesized using High-Capacity cDNA Reverse Transcription Kit (Cat.
#4368814, ThermoFisher Scientific). Real-time PCR was performed using PowerUp Sybr Green
Master Mix (Cat. #A25472, ThermoFisher Scientific) in a ViiA7 Real-Time PCR System using a
7500 software V2.0.6 at UIC’s Genome core. Reaction conditions were 50 °C for 2 min and 20 s,
then 95 °C for 2 min; followed by 40 cycles of denaturation at 95 °C for 15 s, annealing and
extension at 60 °C for 30 s, and a melt curve extension stage at 95 °C for 15 s, 60 °C for 1 min,
and 95 °C for 15 s. Melting curve analysis was performed to ensure the amplification of a single
product. Primers used were 3-catenin—F-5'-CGTGCACATCAGGATACCCA-3' and B-catenin-R-5-
GGCTCCGGTACAACCTTCAA-3; Wnt3-F-5-ACCTGCAAGTAGGGCACCAG-3' and Wnt3-R-5'-
GCGAGTTGGGTCTGGGTCAT-3; Wnt3a-F-5-TGGCCCCACTCGGATACTTC-3' and Wnt3a-R-5'-
GCGAGCCCAGGGAGGAATAC-3'; Wnt5a-F-5'-CTTCCGCAAGGTGGGTGAT-3 and Wnt5a-R-5'-
GAAGCGGCTGTTGACCTGTA-3'; Wnt7a-F-5-GGTGCGAGCATCATCTGTAA-3' and Wnt7a-R-
5-CATTTGGGAGCCTTCTCCTATG-3; Wnit7b-F-5-ATGTGTTCTTGAGCAGCCGA-3' and Wnt7b-
R-5'-CAGGCATGGTTAGAGGCACA-3; Wnit10b-F-5-GAATGCGGATCCACAACAAC-3' and
Wnt10b-R-5-TGTGCCATGACACTTGCATTTCCG-3'; TCF1-F-5'-AGCGCTGCCATCAACCAGAT-
3’ and TCF1-R-5"-CCTCCTGTGGTGGATTCTTGGT-3'; TCE3-F-5'-ATCCTGCACCAGGCTGICTC-
3’ and TCF3-R-5"-CCATCTGGGGGTCTCCAACC-3'; TCF4-F-5'-GCAGGGACCTTGGGTCACAT-3'
and TCF4-R-5"-AAGGAGACTCTGCTGGTGGC-3'; LEF1-F-5-CCAGGCTGGTCTGCAAGAGA-3
and LEF1-R-5'-GCAGCTGTCATTCTTGGACCT-3'; IL-6-F-5'-CTGCCTTCCCTGCCCCAGTA-3 and
IL-6-R-5'-TTCTGCCAGTGCCTCTTTGC-3; IL-8-F-5'-CCACACTGCGCCAACACAG-3 and IL-8-R-
5-TTICTCAGCCCICTTCAAAAACTTC-3; CCL2-F-5'-ACCTTCATTCCCCAAGGGCTC-3' and
CCL2-R-5'-GGACACTTGCTGCTGGTIGAT-3; CXCL10-F-5'-GGTGAGAAGAGATGTCTGAATCC
and CXCL10-R-5'-GTCCATCCTTGGAAGCACTGCA-3'; GAPDH-F-5'-TCCTGTTCGACAGICA
GCCG and GAPDH-R-5-CCCCATGGTGTCTGAGCGAT-3'. Fold change in mRNA expression
was calculated by relative quantification using the comparative CT method with GAPDH as the
endogenous control.

To measure viral infectivity, real-time PCR was performed using TagMan RNA-to-CT
1-Step Kit (Cat. #4392938, ThermoFisher Scientific) in a ViiA7 Real-Time PCR System using a
7500 software V2.0.6 at UIC’s Genome core. Reaction conditions were reverse transcription
at 48 °C for 15 min, then enzyme activation at 95 °C for 10 min; followed by 40 cycles of
denaturation at 95 °C for 15 s and an annealing and extension step at 60 °C for 1 min. The
CDC primer/probe kit (IDT; Cat. #10006713, Newark, NJ, USA) was used against the N1
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gene. Genomes per milliliter were interpolated using CT values and genomic standard
(BEI Resources; Cat #. NR-52358, NIAID, Bethesda, MD, USA) and were run in triplicate.

2.5. Viral Quantification via Focus-Forming Assay

Vero cells were plated at 2 x 10* cells per well in 100 uL in 96-well TC plates. In
the BSL3 facility, samples were diluted in a round bottom 96-well plate by adding 50 pL
of sample into 100 pL of Dulbecco’s Modified Eagle Medium (DMEM, Cat. # 30-2002,
ATCC, Manassas, VA, USA) + 2% FBS media, making serial 3-fold dilutions. Media was
removed and 100 uL/well of NY Iota SARS-CoV-2 virus strain was added to the Vero cells in
duplicate, rocking the plate from side-to-side. The Vero cells with virus incubated in 37 °C
for 1 h. A total of ~125 uL/well of overlay (1% methylcellulose in 1x MEM + 2% FBS) was
added to the Vero cells with virus and incubated overnight at 37 °C for 24 h. Vero cells with
virus were fixed in 4% paraformaldehyde (PFA, Cat#: J19943.K2, ThermoFisher Scientific)
diluted in PBS at 100 pL/well. Once removed from the BSL3 facility, the cells were washed
three times with PBS. A total of 1:150,000 (1 ug/mL) SARS guinea pig primary antibody
(BEI Resources; Cat #. NR10361, NIAID, Bethesda, MD, USA) diluted in PermWash (0.1%
saponin (Cat #. ]63209.AK, ThermoFisher Scientific) and 0.1% bovine serum albumin (BSA,
Cat #. B14, ThermoFisher Scientific) in PBS was added at 100 uL/well and incubated at 4 °C
rocking overnight. The primary antibody was removed and the cells were washed three
times in 150 puL/well of PermWash. A total of 1:5000 amouse/guinea pig-HRP secondary
antibody (Cat#. A16104, ThermoFisher Scientific) was diluted in PermWash and added at
50 uL/well and rocked at room temperature for 1 h. The secondary antibody was removed
and the cells were washed three times in 150 puL/well of PermWash. TrueBlue peroxidase
substrate (SeraCare, Cat#. 5510-0030, Gaithersburg, MD, USA) was added at 30 pL/well,
rocked for 15 min at room temperature, washed four times with deionized water, and dried
on paper towel. This produced focus-forming units that were quantified on an ImmunoSpot
ELISpot plate scanner (Cellular Technology Limited, Shaker Heights, OH, USA).

2.6. Lactate Dehydrogenase (LDH)-Based Cytotoxicity Assay

Cytotoxicity was assessed by measuring lactate dehydrogenase in the supernatant of
iAs 24 h after mock infection or SARS-CoV-2 infection using the CytoTox96 non-radioactive
cytotoxicity assay (Promega, Cat#. G1780, Madison, WI, USA) according to manufacturer
instructions. Briefly, the cytotoxicity plate was incubated at 37 °C for 4 h to ensure accurate
reading between target and effector cells. From each sample, 50 uL of supernatant were
combined with 50 puL of Cyto Tox 96 Reagent (Promega, Cat#. G1780, Madison, WI, USA),
covered with foil, and incubated on shaker at RT for 30 min and analyzed at 492 nm on the
SoftMax Pro 7.0 machine (Molecular Devices, San Jose, CA, USA).

2.7. Western Blot Analysis and Antibodies

For Western Blotting, cells were lysed with radioimmunoprecipitation assay (RIPA)
buffer (Cat. #AAJ63306 AK, Fisher Scientific, Hampton, NH, USA) and total protein content
was estimated by bicinchoninic acid assay (BCA) on the SoftMax Pro 7.0 machine (Molecular
Devices, San Jose, CA, USA). Five ug of total cell lysate was separated on a 4-20% SDS-
PAGE, transferred on a polyvinylidene fluoride (PVDF) membrane, blocked with Intercept
(TBS) blocking buffer (Cat. #927-60001, Li-Cor, Lincoln, NE, USA) for 1 h, and incubated
with primary antibody for 1 h at room temperature (RT) with either {3-catenin (1:500;
Rabbit, Cell Signaling, Cat. #9582, USA) or 3-actin (1:10,000, Mouse, Abcam, Cat. #ab6276,
Cambridge, UK) overnight at 4 °C in Intercept (TBS) blocking buffer (Li-Cor Biosciences,
Lincoln, NE, USA) and 0.2% Tween 20 (T20) (Cat #. J63314.K3, ThermoFisher Scientific,
Waltham, MA, USA). Membranes were washed extensively in TBS-T20 and incubated
in secondary antibody conjugated to horseradish peroxidase (HRP) IRDYE 700 nm or
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800 nm (1:20,000, Rabbit or Mouse, Li-Cor Biosciences, Lincoln, NE, USA) in Intercept (TBS)
blocking buffer and 0.1% T20 for 1 h at RT. Membranes were again washed extensively in
TBS-T20, quickly washed in 1x TBS, and analyzed on the Licor Odyssey System (Li-Cor,
Lincoln, NE, USA). Quantification analysis was conducted using Fiji (Image]) Software
version 2.3.0 using the Gel Plotting Macro. Composite images of IRDYE 700 nm and 800 nm
fluorescence were split into individual channels (Supplementary Figure S4). Regions of
interest with identical dimensions were drawn on each lane at identical vertical position
and density plots were generated.

2.8. Human IP-10 (CXCL10) ELISA

Human IP-10 (CXCL10) ELISA kit (Cat. #KAC2361, Invitrogen, Waltham, MA, USA)
was used to measure CXCL10 secretion according to the manufacturer’s protocol. Briefly,
50 pL standards, supernatant samples, or controls were added to the antibody-coated
plate. A total of 50 uL biotinylated anti-IP-10 biotin conjugate solution was added to each
standard, sample, or control, covered with a plate cover, and incubated at RT for 3 h. Wells
were washed extensively with washing buffer. A total of 100 uL Streptavidin-HRP was
added to each well, covered with plate cover, and incubated for 30 min at RT. Wells were
again washed extensively with washing buffer. A total of 50 uL of Stabilized Chromogen
was added to each well and incubated in the dark at RT for 30 min. A total of 100 uL Stop
Solution was added to each well, tapped gently for mixing, and analyzed at 450 nm on the
SoftMax Pro 7.0 machine (Molecular Devices, San Jose, CA, USA).

2.9. Statistical Analysis

Statistical analyses were performed using Graphpad Prism (V10.6.0). Data were first
analyzed for normality (or lognormality) of distribution of data using the Kolmogorov—
Smirnov test (or the Shapiro-Wilk test for small data sets). Normally distributed data were
analyzed with unpaired two-way T test, incorporating Welch’s correction when variances
were unequal between groups. Lognormal data was assessed with the one sample ratio
t-test, or the Kruskal-Wallis test followed by Dunn’s multiple comparisons test. Alpha was
set to 0.05.

3. Results
3.1. Astrocytes Have a Sustained SARS-CoV-2 Infection After 24 h

iAs from human iPSC have been previously described [81]. Cellular identification of
iAs culture was confirmed by flow cytometry with intracellular staining for the astrocyte
intermediate filament protein GFAP. By this method, the majority (~90%) of cells in the iAs
cultures were identified as astrocytes (Figure 1).

Then, we determined whether iAs can be directly infected by SARS-CoV-2 in vitro
by infecting them with SARS-CoV-2 strain B.1.526 (New York strain, lota variant) for 24 h.
After analyzing the viral titers and infectivity with qPCR, we found that iAs can be directly
infected by SARS-CoV-2 (Figure 2A, p-value = 0.0006). This is consistent with previous
studies of iAs being infected with SARS-CoV-2 [1,11,13,23]. Next, we measured infectious
virus by focus-forming assay 24 h, 48 h, 72 h, and 96 h timepoints (Figure 2B). After 24 h
post-infection, we detected approximately 1 x 10° plaque-forming units (PFU) of virus
in the supernatant (100,000 genome equivalents by qPCR) that was sustained up to 96 h
(Figure 2B, p-value = 0.0060 for 24 h, p-value = 0.0108 for 48 h, p-value = 0.0386 for 72 h,
and p-value = 0.0457 for 96 h). These data suggest a sustained secretion of viral particles
achieving its equilibrium at 24 h post-infection in astrocytes.
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Figure 2. SARS-CoV viral infection in astrocytes: iAs at 90% confluency were infected with SARS-CoV-
2 NY Iota strain for 24 h with the MOI = 3. (A) SARS-CoV-2 mRNA quantified in mock-infected or
SARS-CoV-2-infected astrocytes at 24 h post infection. Kolmogorov-Smirnov test indicated lognormal
distribution (KS distance 0.2334, p > 0.1000, alpha = 0.05). One sample ratio t-test demonstrated
significant effect of infection on viral genomes (t = 7.268, df = 6, p = 0.0003). (B) SARS-CoV-2 infectious
units in astrocyte supernatant over time were measured by focus-forming assay. Non-parametric
Kruskal-Wallis one-way ANOVA demonstrated a significant effect of infection on FFU [h = 16.39
(5, 24); p = 0.0025]. Dunn’s multiple comparisons test demonstrated significant differences between
uninfected and infected samples at 24 h (p = 0.0060), 48 h (p = 0.0108), 72 h (p = 0.0386), and 96 h
(p =0.0457). * p < 0.05, ** p < 0.01, *** p < 0.001. Data are presented from eight replicates for the mRNA
and four replicates for the time course. Dashed line represents lower limit of detection. The statistical
analysis of (A,B) is detailed in Tables S2 and S3.

3.2. SARS-CoV-2 Infection Inhibits B-Catenin (nRNA and Protein), Wnt3a, and Wnt10b While
Inducing Wnt7b Transcription in Astrocytes

To begin, we assessed the endogenous mRNA expression levels of components of the
canonical and noncanonical Wnt pathways, particularly, CTNNB1 (p3-catenin), Wnts-3, -3a,
-5a, -7a, -7b, and -10b in iAs. qPCR analysis showed detectable levels of CTNNB1, Wnts-3,
-3a, -5a, -7a, -7b, and -10b in iAs (Supplementary Figure S1A). With components of both
Wnt canonical and noncanonical pathways being expressed, we focused on the canonical
Wnt pathway since studies have shown it to be neuroprotective in neurocognitive and
neurological disorders such as AD, HD, PD, HAND, and MS. Canonical Wnt signaling
contains the transcriptional coactivator 3-catenin, which binds to the TCF/LEF (consisting
of TCF1, TCF3, TCF4, and LEF1) complex in the nucleus to regulate gene expression. In
addition, astrocytes are known to robustly express the Wnt/ 3-catenin pathway [47,48,69].
To determine the effects of SARS-CoV-2 on the Wnt/ 3-catenin pathway, we infected iAs
for 24 h and measured (-catenin, Wnts, and TCF/LEF mRNA by qPCR. 3-catenin mRNA
was reduced by ~50% (Figure 3A, p-value = 0.0002). 3-catenin protein was significantly
reduced ~50% by Western Blot (Figure 4A,B) and demonstrated a non-significant trend
toward reduction by intracellular flow cytometry staining (Figure 4C-E). Wnt3a was
significantly reduced by ~75% (Figure 3C, p-value = 0.0166), Wnt10b was significantly
reduced by ~70% (Figure 3F, p-value = 0.0061) while Wnt7b was induced by ~2-fold
(Figure 3E, p-value = <0.0001). Wnts-3 and -7 a were unaffected (Figure 3B,D). These results
are potentially consistent with reduced neuronal regeneration (Wnt3a), neuronal survival
and neurogenesis (Wntl10b), and increased BBB integrity (Wnt7b). Overall, these data



Pathogens 2025, 14, 994

8 of 19

A)

Fold Change in mRNA

Fold Change in mRNA

indicate that multiple components in the Wnt/3-catenin pathway are dysregulated in
astrocytes infected with SARS-CoV-2.

B) @)
CTNNB1 Wnt3 Whnt3a
1.5+ 2.0+
*Ek < 157 % *
i E o 1
[ E 1.54 .
1.0 £ 1.04 =
@ . @
o 1.0+
i g :
0.5+ 4+ £ 0.5 r g
Qo O 0.5
z T
© (=]
0.0 . L p.0- : L g0
.\mb 4:1' -@b 'Q.q' @b 4.:"
& P & P <& 8
S & S
o ¥ o
E) F)
Wnt7a Wnt7b Wnt10b
4 - 2.5+ ok ok % %
= — o« 2.0+ 1
o 2.0 - = .
34 . E AA ox
c -] E 1.5
= 151 - £
2+ o . @
S 1.0 BT
K o E -
by ; T S 0.5
T =1 %
0- T L .04 T L g.p-
& He 1 2+
L LA & ¥
& & & & & &
e¥ & o

Figure 3. Wnts-3a and -10b and -catenin transcription is suppressed while Wnt7b is stimulated
by SARS-CoV-2 infection in astrocytes. iAs at 90% confluency were infected with SARS-CoV-2 NY
Iota strain for 24 h with the MOI = 3. mRNA expression was measured by real-time PCR. Data is
representative of 5-6 replicates. Error bars represent the SD. (A) Fold change in CTNNBI1 ((3-catenin)
mRNA. Kolmogorov-Smirnov test demonstrated data are normally distributed (p > 0.1000). Un-
paired t-test demonstrated significant effect of infection on CTNNBI1 (p = 0.0002, t = 6.505, df = 8).
(B) Fold change in Wnt3 mRNA. Kolmogorov-Smirnov test demonstrated data are normally dis-
tributed (p > 0.1000). Unpaired ¢ test demonstrated no significant effect of infection (p = 0.1510,
t =1.588, df = 8). (C) Fold change in Wnt3a mRNA. Kolmogorov-Smirnov test demonstrated data
are normally distributed (p > 0.1000). Unpaired f-test demonstrated significant effect of infection on
Wnit3a (p = 0.0166, t = 3.020, df = 8). (D) Fold change in Wnt7a mRNA. Kolmogorov—Smirnov test
demonstrated data are normally distributed (p > 0.1000). Unpaired ¢ test with Welch’s correction
for uneven variance demonstrated no significant effect of infection on Wnt7a (p = 0.3967, t = 0.9384,
df = 4.399). (E) Fold change in Wnt7b mRNA. Kolmogorov—Smirnov test demonstrated data are
normally distributed (p > 0.1000). Unpaired ¢ test demonstrated significant effect of infection on
Wnt7b (p < 0.0001, t = 7.518, df = 10). (F) Fold change in Wnt10b mRNA. Kolmogorov-Smirnov test
demonstrated data are normally distributed (p > 0.1000). Unpaired ¢ test demonstrated significant
effect of infection on Wnt10b mRNA (p = 0.0049, t = 3.840, df = 8). * p < 0.05, ** p < 0.01, *** p < 0.001,
**** p < 0.0001. The statistical analysis of (A-F) is detailed in Tables S4-S9.
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Figure 4. 3-catenin is decreased in SARS-CoV-2-infected iAs. (A) iAs cell culture lysates were probed
by Western Blot for (3-catenin (~92 kDa) and actin (~42 kDa) 24 h after mock infection or SARS-CoV-2
infection. (B) Quantification of 3-catenin in iAs protein lysates, normalized to actin. p < 0.05, Unpaired
t-test. Shapiro’s test demonstrated normal distribution of data. (C,D) Flow cytometry was used to
quantify $-catenin expression in live singlets in iAs cultures. (E) Quantification of flow cytometry
data demonstrated a trend toward decreased [3-catenin in SARS-CoV-2-infected iAs (mean, 42.9%) as
compared to mock-infected iAs (mean, 78.6%), (p = 0.1958, Unpaired t-test with Welch'’s correction
for unequal variance). Shapiro’s test demonstrated normal distribution of data. PE: phycoerythrin.
The statistical analysis of (B,E) is detailed in Tables S10 and S11.

3.3. SARS-CoV-2 Infection Inhibits TCF3 Transcription in Astrocytes

To define the mechanism by which [3-catenin transcription is inhibited by SARS-CoV-2,
we evaluated the impact of infection on transcription factors known to interact with f3-
catenin: TCF1, TCF3, TCF4, and LEF1. All were expressed in iAs, as consistent with other
studies [68,75,81] (Supplementary Figure S1B). Then, we measured TCFs/LEF mRNA
in SARS-CoV-2-infected astrocytes by qPCR. In this family of transcription factors, we
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observed that TCF3 was reduced by ~40% (Figure 5B, p-value = 0.0435). In contrast, TCFs-1,

-4, and LEF1 were unaffected (Figure 5A,C,D). These data indicate that TCF3 is directly

impacted by SARS-CoV-2 infection in astrocytes and is consistent with dysregulation of the
Wnt/ 3-catenin pathway in consequence of infection.
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Figure 5. TCF3 transcription is downregulated by SARS-CoV-2 infection in astrocytes. iAs at 90%
confluency were infected with SARS-CoV-2 NY Iota strain for 24 h with the MOI = 3. mRNA was
measured by real-time PCR. Data represents 6-7 replicates. Error bars represent SD. (A) Fold change
in TCF1 mRNA. Kolmogorov—Smirnov test demonstrated data are normally distributed (p > 0.1000).
Unpaired ¢ test demonstrated no significant effect of infection (p = 0.7859, t = 0.2809, df = 8). (B) Fold
change in TCF3 mRNA. Kolmogorov-Smirnov test demonstrated data are not normally distributed
(untreated: p = 0.0314, SARS-CoV-2: p > 0.1000). Mann-Whitney test demonstrated significant effect
of infection on TCF3 mRNA (p = 0.0238). (C) Fold change in TCF4 mRNA. Kolmogorov—-Smirnov test
demonstrated data are normally distributed (p > 0.1000). Unpaired ¢ test demonstrated no significant
effect of infection on TCF4 mRNA (p = 0.5831, t = 0.5718, df = 8). (D) Fold change in LEF1 mRNA.
Kolmogorov-Smirnov test demonstrated data are normally distributed (p > 0.1000). Unpaired ¢ test
with Welch’s correction demonstrated no significant effect of infection on LEF1 mRNA (p = 0.5205,
t=0.6809, df = 6.203). * p < 0.05. The statistical analysis of (A-D) is detailed in Tables 512-515.

3.4. SARS-CoV-2 Infection Activates Astrocytes by Inducing CXCL10 Transcription

Here, we assessed the endogenous mRNA expression levels of selected inflammatory
factors (IL-6, IL-8, CCL2, and CXCL10) in iAs. qPCR analysis showed detectable expression
of these inflammatory factors with Ct values less than 32 (Supplementary Figure S2). To
determine which and whether SARS-CoV-2 infection affects cytokine IL-6 and chemokines
(IL-8, CCL2 (also MCP-1), and CXCL10), we investigated their mRNA expression in
SARS-CoV-2-infected astrocytes by qPCR. We found that while IL-6, IL-8, and CCL2
were unaffected (Figure 6A-C), CXCL10 mRNA was significantly induced ~4-fold
(Figure 6D, p-value = 0.0014). CXCL10 protein was upregulated about 1.5-fold (Figure 7,
p-value = 0.0307) by ELISA in the supernatant of mock- and SARS-CoV-2-infected astro-
cytes. These data show that SARS-CoV-2 infection can activate astrocytes and is indicative
of SARS-CoV-2 infection and possibly signals in a type Il interferon-dependent manner.
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Figure 6. CXCL10 transcription is upregulated by SARS-CoV-2 infection in astrocytes. iAs at 90%
confluency were infected with SARS-CoV-2 NY Iota strain MOI = 3 for 24 h. mRNA was measured by
real-time PCR. Data represent five replicates. Error bars represent SD. (A) Fold change in IL-6 mRNA.
Kolmogorov-Smirnov test demonstrated data are normally distributed (p > 0.1000). Unpaired t test
with Welch'’s correction demonstrated no significant effect of infection on IL-6 mRNA (p = 0.5454,
t = 0.6566, df = 4.243). (B) Fold change in IL-8 mRNA. Kolmogorov-Smirnov test demonstrated
data are normally distributed (p > 0.1000). Unpaired ¢ test with Welch’s correction demonstrated
no significant effect of infection (p = 0.4228, t = 0.8448, df = 8). (C) Fold change in CCL2 mRNA.
Kolmogorov-Smirnov test demonstrated data are normally distributed (p > 0.1000). Unpaired t test
with Welch’s correction demonstrated no significant effect (p = 0.2653, t = 1.270, df = 4.532). (D) Fold
change in CXCL10 mRNA. Kolmogorov—-Smirnov test demonstrated data are normally distributed
(p > 0.1000). Unpaired ¢ test with Welch’s correction demonstrated significant effect of infection on
CXCL10 (p = 0.0014, t = 7.103, df = 4.463). ** p < 0.01. The statistical analysis of (A-D) is detailed in
Tables 516-519.
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Figure 7. CXCL10 secretion is upregulated by SARS-CoV-2 infection in astrocytes. iAs at 90%
confluency were infected with SARS-CoV-2 NY Iota strain MOI = 3 for 24 h. CXCL10 in supernatant
was measured by ELISA. Data represent nine replicates. Error bars represent SD. Kolmogorov—
Smirnov test demonstrated data are normally distributed. Unpaired t-test with Welch’s correction
demonstrated significant effect of infection on CXCL10 in the supernatant (p = 0.0307, t = 2.474,
df =11.14). * p < 0.05. The statistical analysis of Figure 7 is detailed in Table S20.
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3.5. SARS-CoV-2 Does Not Induce Significant Cytotoxicity in Astrocytes

To assess whether SARS-CoV-2 infection leads to cell death in astrocytes, we measured
the levels of lactate dehydrogenase in the supernatant of SARS-CoV-2-infected and mock-
infected astrocytes. Lactate dehydrogenase is a cytosolic enzyme released from the cell upon
cell lysis, which is indicative of apoptosis. We found no differences in lactate dehydrogenase
secretion levels between SARS-CoV-2-infected and mock-infected astrocytes (Figure 8A).
Furthermore, we measured cell death by vital dye exclusion in a flow cytometry-based
assay (Figure 8B,C). We observed no significant difference in cell viability by vital dye
exclusion (Figure 8D). Overall, these data show that the changes in iAs Wnt/3-catenin and
inflammatory signaling in response to SARS-CoV-2 infection are unlikely to be secondary
to astrocyte cell death.
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Figure 8. No significant cell death in SARS-CoV-2-infected iAs. (A) Cytotoxicity was measured by
colorimetric assay for detection of lactate dehydrogenase (LDH) in the supernatant of iAs 24 h after
mock or SARS-CoV-2 infection. Data is representative of three replicates. Error bars represent the SD.
Shapiro-Wilk test indicated that data were normally distributed. Unpaired two-way T test revealed
no significant difference in LDH secretion from mock and SARS-CoV-2-infected iAs (p = 0.7950,
t=2.777,df = 4). (B,C) Flow cytometry plots for Zombie Live/Dead demonstrate similar distribution
of vital dye intensity 24 h after mock and SARS-CoV-2 infection. (D) Quantification of vital dye
intensity by flow cytometry demonstrates no significant difference in cell death 24 h after infection
with mock or SARS-CoV-2 infection in iAs. Data is representative of three replicates. Error bars
represent the SD. Shapiro-Wilk test indicated that data were normally distributed. Unpaired two-way
T test revealed no significant differences in vital dye exclusion (p = 0.0776, t = 2.361, df = 4). The
statistical analysis of (A,D) is detailed in Tables S21 and S22.

4. Discussion

The neuropathogenesis of SARS-CoV-2 infection is incompletely understood. Viral
infection of CNS cells could contribute to neurodegeneration. Emerging studies show CNS
cells including astrocytes can be infected by the SARS-CoV-2 virus [1,11,21,23]. Consistent
with this, we report that iAs are susceptible to infection in vitro; however production of new
infectious particles is mostly limited to the first 24 hours post infection. The extent to which
CNES cells are infected with SARS-CoV-2 in vivo is unclear. It is possible that the infection of
CNES cells has been underestimated in vivo because of the lack of ongoing active production
of viral proteins. Our data is consistent with the possibility that astrocyte infection with
SARS-CoV-2 could be more extensive than what is currently known and therefore may
have an underappreciated role in long term neuropathology after COVID-19. Moreover,
comorbidities such as prior viral infection or immunosuppression upregulate expression
of SARS-CoV-2 receptors [21]. Therefore, greater CNS infection with SARS-CoV-2 could
contribute to increased COVID-19/Long COVID neurological disability in patients with
immunologic or neurologic comorbidities.
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Our study has limitations. Our study focused on Wnt/ 3-catenin and inflammatory
pathways; we have not probed all the cell signaling pathways that are likely to impact SARS-
CoV-2 neuroinflammation. Our study did not address the interactions between astrocytes
and other cells of the CNS. For example, we have not tested the effect of the infected
astrocyte secretome on microglia, endothelial cells, or other cells. Likewise, these studies
were not designed to test the consequences to astrocytes of microglial infection or exposure
to viral components. In vivo, the close interactions between cells of the neurovascular unit
are expected to modify all aspects of the neuroimmunological response to infection. We
have not tested the potential combinatorial effect to astrocytes of exposure to SARS-CoV-2
virus plus inflammatory factors such as interferons or interleukins that are elevated in the
blood and brain during infection.

Astrocytes have several functions which include secretion of cytokines/chemokines
and maintaining BBB integrity. Previous studies have shown that endogenous levels of
cytokines and chemokines are expressed with Ct values being below 33 in astrocytes [68,75].
BBB integrity is promoted by astrocyte production of canonical Wnt ligands [28]. Since
BBB integrity is disrupted and CXCL10 levels are induced in COVID-19/Long COVID,
we assessed the impact of SARS-CoV-2 direct infection on the Wnt/3-catenin pathway.
As expected, we observed that Wnt canonical ligands Wnt3, Wnt3 a, Wnt7 a, Wnt7b, and
Wnt10b, and noncanonical Wnt5 a, are all expressed in astrocytes. In addition, the entire
TCF/LEF complex is expressed in astrocytes. A main finding of our study is that Wnt3a is
downregulated by direct infection. Wnt3a promotes BBB integrity and neurogenesis [28,30]
and its downregulation is associated with BBB leakage and neuroinflammation in traumatic
brain injury [82] and ischemic stroke [83]. Consistently, virally induced downregulation of
Wnt3a could contribute to BBB permeability in COVID-19/Long COVID. Wnt10b is known
to be involved in axonal regeneration [84] and neuronal development [85] in the brain. One
study shows that Wnt10b is upregulated in astrocytes upon HIV infection, suggesting that
Wnt10b could have some anti-viral activity in astrocytes [86]. In contrast, however, we also
observed upregulation of Wnt7b, another canonical Wnt ligand secreted by astrocytes with
critical roles in astrocytic development, maintaining the BBB integrity, and BBB repair after
ischemic stroke [61,87]. Upregulation of Wnt7b could be consistent with a neuroprotective
response. Our study supports that in response to direct infection, astrocytes decrease anti-
inflammatory and increase proinflammatory pathways. Furthermore, we observed that
SARS-CoV-2 downregulates 3-catenin and TCFE3, suggestive of suppressed intracellular
Wnt/ 3-catenin signaling activity and Wnt10b transcription in iAs.

We also observed that SARS-CoV-2 infection of astrocytes induced the inflammatory
chemokine CXCL10, like previous reports [1,23]. This is consistent with reports of elevated
CXCL10 in the brains of COVID-19 patients [88-90]. Elevated levels of CXCL10 are also
found in neurodegenerative disorders such as MS [91-93], AD [94], and HAND [95-97].
Thus, production of proinflammatory chemokines in a type Il interferon-dependent manner
in astrocytes is another potential mechanism of SARS-CoV-2 induced neuroinflammation.

This study shows that SARS-CoV-2 infection affects some components of the canonical
Wnt/ 3-catenin signaling pathway in astrocytes. SARS-CoV-2 downregulates 3-catenin,
TCF3, Wnt3a, and Wnt10b while simultaneously inducing Wnt7b and CXCL10. These data
are consistent with a complex cellular response to infection (Supplementary Figure S3).
Future studies will be required to determine the extent to which astrocyte infection
with SARS-CoV-2 in vivo contributes neuroinflammation and neurological impairment
in COVID-19/Long COVID. Recent studies have shown in vivo evidence that the brain
is subject to neuroinvasion and neuroinflammation due to SARS-CoV-2 infection in the
K18-hACE2 mouse model [98-102]. Our study explores the Wnt/ 3-catenin pathway as
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a mechanism that can possibly lead to therapeutic studies of neuroinflammation and
neurological impairments in COVID-19/Long COVID.
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