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ARTICLE INFO ABSTRACT

Keywords: SARS-CoV-2 infection produces neuroinflammation as well as neurological, cognitive (i.e., brain fog), and
SARS-CoV-2 neuropsychiatric symptoms (e.g., depression, anxiety), which can persist for an extended period (6 months) after
Spike protein resolution of the infection. The neuroimmune mechanism(s) that produces SARS-CoV-2-induced neuro-
S1 subunit . . . . . . . . .

PAMP inflammation has not been characterized. Proposed mechanisms include peripheral cytokine signaling to the
TIR brain and/or direct viral infection of the CNS. Here, we explore the novel hypothesis that a structural protein (S1)
Neuroinflammation derived from SARS-CoV-2 functions as a pathogen-associated molecular pattern (PAMP) to induce neuro-
Microglia inflammatory processes independent of viral infection. Prior evidence suggests that the S1 subunit of the SARS-

CoV-2 spike protein is inflammatory in vitro and signals through the pattern recognition receptor TLR4. There-
fore, we examined whether the S1 subunit is sufficient to drive 1) a behavioral sickness response, 2) a neuro-
inflammatory response, 3) direct activation of microglia in vitro, and 4) activation of transgenic human TLR2 and
TLR4 HEK293 cells. Adult male Sprague-Dawley rats were injected intra-cisterna magna (ICM) with vehicle or
S1. In-cage behavioral monitoring (8 h post-ICM) demonstrated that S1 reduced several behaviors, including
total activity, self-grooming, and wall-rearing. S1 also increased social avoidance in the juvenile social explo-
ration test (24 h post-ICM). S1 increased and/or modulated neuroimmune gene expression (Ibal, Cd11b, Mhclla,
Cd200r1, Gfap, Tlr2, Tlr4, Nlrp3, Il11b, Hmgb1) and protein levels (IFNy, IL-1p, TNF, CXCL1, IL-2, IL-10), which
varied across brain regions (hypothalamus, hippocampus, and frontal cortex) and time (24 h and 7d) post-S1
treatment. Direct exposure of microglia to S1 resulted in increased gene expression (Il1b, Il6, Tnf, Nlrp3) and
protein levels (IL-1p, IL-6, TNF, CXCL1, IL-10). S1 also activated TLR2 and TLR4 receptor signaling in HEK293
transgenic cells. Taken together, these findings suggest that structural proteins derived from SARS-CoV-2 might
function independently as PAMPs to induce neuroinflammatory processes via pattern recognition receptor
engagement.

Sickness behavior

1. Introduction neuropsychiatric symptoms, including anxiety, depression, PTSD,

cognitive deficits, fatigue, and sleep disturbances (Schou et al., 2021).

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is an
RNA betacoronavirus (Wu et al., 2020) that is the causative agent of the
global coronavirus disease 2019 (Covid-19) pandemic (Zhou et al.,
2020). The spectrum of Covid-19 clinical symptoms ranges from
asymptomatic infection to severe critical illness characterized by flu-like
symptoms, dyspnea, hypoxemia, and a high risk of respiratory failure
(Berlin et al., 2020; Gandhi et al., 2020). Notably, approximately
one-third of Covid-19 patients develop neurological and

The mechanism(s) mediating these neurological and neuropsychiatric
effects of SARS-CoV-2 infection has yet to be established. Several studies
have demonstrated neuroinflammation in Covid-19 patients (Benameur
et al., 2020; Bodro et al., 2020; Boroujeni et al., 2021; Eden et al., 2021;
Farhadian et al., 2020; Nuovo et al., 2021; Pilotto et al., 2020; Song
et al., 2020; Thakur et al., 2021; Yang et al., 2021), which might un-
derpin these neurological and neuropsychiatric symptoms. Here, we
explore the possibility that SARS-CoV-2 viral proteins, independent of
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viral CNS infection, function as pathogen-associated molecular patterns
(PAMPs), which directly induce neuroinflammatory/behavioral effects
via pattern recognition receptors (PRR) such as toll-like receptor (TLR)2
and TLR4 in the CNS.

Several mechanisms have been proposed that might mediate the
neurological and neuropsychiatric sequelae of SARS-CoV-2 infection.
These mechanisms include peripheral cytokine signaling to the CNS via
immune-to-brain signaling pathways and/or direct SARS-CoV-2 infec-
tion of the CNS (Boldrini et al., 2021; Kempuraj et al., 2020), which
might induce neuroinflammatory processes and the neuropsychiatric
consequences of those processes. Indeed, a peripheral “cytokine storm”
or pathological peripheral inflammation occurs in some Covid-19 pa-
tients (Merad et al., 2020; Del Valle et al., 2020). However, regarding
direct viral infection of the CNS, there is little evidence in support of this
mechanism (Lewis et al., 2021). Moreover, viral infection of the CNS
appears to occur largely in patients with underlying chronic inflamma-
tory diseases (Matschke et al., 2020). Alternatively, there is mounting
evidence that viral-derived proteins, independent of SARS-CoV-2 viral
infection itself, function as PAMPs, which then might drive inflamma-
tory processes via PRR engagement (see below).

SARS-CoV-2 is an enveloped virus that contains positive, single-
stranded RNA contained within a capsid comprised of the spike (S),
envelope (E), membrane (M) and nucleocapsid (N) structural proteins
(Mariano et al., 2020). CoV-2 infects cells after the S protein binds
angiotensin-converting-enzyme 2 (ACE2) expressed on cells throughout
the body with high expression in human respiratory epithelium
(Donoghue et al., 2000). The S protein is comprised of S1 and S2 sub-
units. The S1 N-terminal domain of the S protein binds ACE2, and the
C-terminal S2 domain is responsible for viral-cellular fusion (Hoffmann
et al., 2020). Detachment of S1 from S2 facilitates the viral-cellular
fusion machinery (Hu et al., 2021) and is critical for cell entry.

In addition, there is evidence that alternate receptors (e.g., neuro-
pilin) mediate viral entry (Wenzel et al., 2021). Interestingly, the S1
subunit can undergo spontaneous dissociation from the mature virion in
the absence of ACE2 binding (Cai et al., 2020) and that S1 is sponta-
neously shed from SARS-CoV-2 virions (Zhang et al., 2020). In support
of these findings, the S1 subunit as well as the N protein have been
detected at high levels in plasma of Covid-19 positive patients (Deng
et al., 2021; Hingrat et al., 2020; Ogata et al., 2020; Perna et al., 2021).
Notably, Perna et al. found that N protein levels were highly correlated
with inflammatory status (C-reactive protein serum levels) and disease
severity (Perna et al., 2021). These findings suggest that viral proteins
are released from the SARS-CoV-2 virus and enter the circulation, which
would allow access to the CNS. Indeed, Nuovo et al., using immuno-
histochemistry, detected the S protein in post-mortem human brain of
patients who died of Covid-19. In brain, the S protein was largely co-
localized with endothelial cells (Nuovo et al., 2021). They also found
that proinflammatory mediators (caspase 3, IL-6, and TNF) co-localized
with S staining. Intriguingly, viral RNA was largely not detected.
Consistent with these findings, Matschke et al. detected the S and N
protein in the absence of viral RNA in post-mortem brain in a subset of
Covid-19 patients (Matschke et al., 2020). Moreover, Rhea et al.
demonstrated that S1 injected IV crossed the BBB (Rhea et al., 2021).
Likewise, Nuovo et al. injected the full-length S1 subunit intravenously
(IV) into mice and 5 days after injection, found that it associated with
endothelial cells in the brain along with activated caspase 3, IL-6, TNF,
and the complement protein C5b-9. The S2 subunit was also injected IV
but was not detected in brain nor did S2 induce proinflammatory me-
diators in brain endothelial cells (caspase 3, IL-6, TNF and C5b-9). Of
note, S1 also induced brain endothelial cell damage suggesting that S1
might be capable of inducing damage-associated molecular patterns
(DAMPs), for example high mobility group box 1 (HMGB1), which in
turn are proinflammatory (Bianchi, 2007). These findings suggest that
viral proteins, independent of SARS-CoV-2, might enter the brain, and
function as PAMPs and/or induce DAMPs to elicit neuroinflammatory
immune responses, and thus play a role in the pathogenesis of Covid-19.
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Several studies have now examined the possibility that SARS-CoV-2
proteins might function as PAMPs to elicit inflammatory responses via
signaling through TLRs including TLR2 and TLR4. TLRs are germ-line
encoded receptors expressed by innate immune cells including macro-
phages and dendritic cells, as well as microglia, and function as PRRs to
recognize molecular motifs common to bacterial and viral pathogens.
For example, TLR4 recognizes lipopolysaccharide (Kumar et al., 2011).
Many TLRs, including TLR2 and TLR4, signal via intracellular Toll-IL1
receptor domains. There then ensues a cascade that triggers degrada-
tion of IkB and activation of JNK, and the downstream transcription
factors NF-xB and AP-1 that control numerous inflammation-related
genes (Kawai and Akira, 2010). While TLR2 and TLR4 bind PAMPs
lipoteichoic acid and lipopolysaccharides respectively, these PRRs also
bind DAMPs including HMGB1 to elicit proinflammatory responses
(Bianchi, 2007). Importantly, Olajide et al. reported that the S1 subunit
of the S protein induced a proinflammatory response in human pe-
ripheral blood mononuclear cells, which was characterized by increased
levels of cytokines, chemokines, NF-kf, NLRP3 and caspase-1 (Olajide
et al., 2021b). Utilizing the microglia cell line BV-2, Olajide also found
that S1 induced a similar proinflammatory response via TLR4 signaling
(Olajide et al., 2021a). Likewise, Shirato et al. demonstrated that the S1
subunit was sufficient to induce proinflammatory cytokines via TLR4
signaling in murine and human macrophages (Shirato and Kizaki, 2021).
Consistent with this finding, the S protein binds to TLR4 with high af-
finity and induces a proinflammatory response in THP-1 and RAW 264.7
cells, which was blocked by a TLR4 inhibitor (Zhao et al., 2021).
Alternatively, Zheng et al. reported that the E protein was sufficient to
induce a proinflammatory response in bone marrow-derived macro-
phages, an effect blocked in TLR2 KO cells (Zheng et al., 2021). Zheng
et al. also reported that the E protein, when delivered intratracheally,
was sufficient to induce a proinflammatory response in lungs of mice,
which was abrogated in TLR2 KO mice.

Taken together, these findings suggest that structural proteins
derived from SARS-CoV-2 might be sufficient to function as PAMPs to
elicit neuroinflammatory effects independent of SARS-CoV-2 cellular
infection. To date, however, a systematic study of the neuro-
inflammatory/microglial and behavioral effects of SARS-CoV-2 struc-
tural proteins has not been conducted. Of the several structural proteins
available for study, we chose to investigate the neuroinflammatory
properties of the S1 subunit given that 1) the S protein has been detected
in post-mortem brains of Covid-19 patients, which co-localized with
inflammatory proteins (Nuovo et al., 2021), 2) the S1 but not the S2
subunit is sufficient to induce proinflammatory mediators in endothelial
cells (Nuovo et al., 2021), 3) the S1 subunit is sufficient to induce
proinflammatory responses in vitro (Olajide et al., 2021b) via TLR4
(Olajide et al., 2021a; Shirato and Kizaki, 2021) and 3) when injected IV,
the S1 subunit crosses the BBB (Rhea et al., 2021), which would allow it
to directly signal at PRRs on microglia and other cell types within the
parenchyma of the brain. Therefore, we tested if the S1 subunit in vivo, is
sufficient to produce behavioral sickness and neuroinflammatory re-
sponses. Using in vitro models, we also determined if S1 can directly
activate adult primary microglia and transgenic human TLR2 and TLR4
HEK293 cells.

2. Methods
2.1. Animals

Male Sprague-Dawley rats (60 — 90 d of age; Envigo, Indianapolis,
IN) were pair housed on a 12-h light-dark cycle (lights on at 0700 h).
Food (standard laboratory chow) and water were available ad libitum.
Rats were allowed to acclimate to colony conditions for at least one
week prior to experimentation. All experiments were approved by the
Institutional Animal Care and Use Committee of the University of Col-
orado Boulder in compliance with the National Institutes of Health Guide
for the Care and Use of Laboratory Animals as well as the ARRIVE
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guidelines for animal use.
2.2. SARS-CoV-2 S protein subunit proteins

Recombinant SARS-CoV-2 full-length S1 and S2 subunits were ob-
tained from RayBiotech (cat#: 230-30161 and 230-30163, respec-
tively). The genomic sequence of these subunits was derived from the
original Wuhan-Hu-1 isolate (Wu et al., 2020). Of note, the S1 (Vall6-
GIn690) and S2 (Met697-Prol1213) proteins used here are also derived
from HEK293 cells and are devoid of the immunogen LPS. The S1 pro-
tein is identical to the protein (Raybiotech) used by Rhea et al. who
found that it crossed the BBB and entered the brain parenchyma after IV
injection (Rhea et al., 2021).

2.3. Intra-cisterna magna (ICM) injection

We chose to inject the S1 subunit (1.0 pg) or vehicle (2.5 pl, 0.2 pm
filtered, sterile 1x PBS, pH 7.4) ICM to directly administer the subunit
into the CNS and thus examine direct effects in CNS. This route of
administration obviates peripheral inflammatory effects that would be
induced by IV injection, which would introduce a potential confound.
Indeed, Nuovo et al. found that IV injection of the S1 subunit resulted in
substantial levels of S1 in liver (Nuovo et al., 2021). The dose of the S1
subunit used here was based on this prior study in mice demonstrating
the neuroinflammatory effects of the S1 subunit (Nuovo et al., 2021).
Nuovo et al. injected mice IV with 10 pg S1 (Nuovo et al., 2021). Given
that we chose to inject S1 ICM, we selected a dose 10-fold lower than the
dose used by Nuovo et al. We have demonstrated that ICM injected
substances reach forebrain regions in the CNS consistent with more
typical ICV procedures, and this procedure produces no detectable in-
flammatory responses (Frank et al., 2012). Rats were anesthetized with
5% isoflurane in oxygen and then maintained on 3% isoflurane during
the brief procedure (~3 min). The dorsal aspect of the skull was shaved
and swabbed with 70% EtOH. A sterile 27-gauge needle attached via
sterile PE50 tubing to a 25 pl Hamilton syringe was inserted into the
cisterna magna (verified by withdrawing 2 pl of clear CSF) and drug
injected over a 30 s period. After injection, the needle was left in place
for 30 s to allow for diffusion of drug.

2.4. Behavioral measures

After ICM injection, in-cage behavioral monitoring (8 h post-ICM)
and juvenile social exploration (JSE; 24 h post-ICM) were conducted
blind to treatment condition.

2.4.1. In-cage monitoring

In-cage behaviors were recorded for 2 h (1 h pre to 1 h post lights off)
using a camera equipped with infrared video acquisition (Axis, M3104).
Infrared cameras were placed in proximity to the rats’ home cages,
which allowed side-to-side 24 h video recordings of home cage behavior.
These cameras introduce no light, provide excellent visual resolution of
the animals during the light and dark cycles, and do not disrupt rat sleep
or diurnal rhythmicity. All tails were marked, allowing the observer to
assess individual rat behavior. A Synology Surveillance Station was used
to acquire video recordings. Duration of behaviors (total activity,
drinking, eating, self-grooming, allo-grooming, wall rearing and wres-
tling) were manually scored blind to treatment condition using the
Behavioral Observation Research Interactive Software (Friard and
Gamba, 2016). Home cage behaviors are based on the Stanford Etho-
gram definitions (https://mousebehavior.org).

2.4.2. Juvenile social exploration (JSE)

JSE is a widely used measure of social avoidance and validated
measure of anxiety (File and Seth, 2003) and is sensitive to the neuro-
inflammatory effects of stress and immunogenic agents such as LPS
(Frank et al., 2012; Goshen and Yirmiya, 2009). Here, JSE was measured
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1 day prior to (baseline) and 24 h post-S1/vehicle treatment. Each
experimental rat was transferred to a novel cage with shaved wood
bedding in a dimly lit room (40 1x). After a 15-min habituation period, a
28 to 32-day-old juvenile male rat was introduced to the adult rat’s cage
for 5 min. The adult rat was then tested for time exploring the juvenile
rat. Exploratory behaviors of the adult (sniffing, pinning, licking, and
allo-grooming of the juvenile) were timed by an observer blind to
treatment condition. After the test, the juvenile was removed, and the
experimental adult rat was returned to its home cage. Although juvenile
stimulus rats were reused for multiple tests, an adult rat was never re-
tested with the same juvenile. For each adult rat, amount of time
exploring the juvenile (JSE) was reported and quantified as a percent of
baseline JSE.

2.5. Tissue dissection of brain regions

Immediately after the last behavioral test (JSE), animals were given a
lethal dose of sodium pentobarbital. Animals were fully anesthetized
and transcardially perfused with ice-cold saline (0.9%) for 3 min to
remove peripheral immune leukocytes from the CNS vasculature. Brain
was rapidly extracted, and hippocampus, hypothalamus and frontal
cortex was dissected. These regions were chosen because they are
involved in a broad array of process and will inform on regional dif-
ferences. For hippocampus, one hemisphere was used for protein assays
and the other hemisphere for RT-PCR of gene expression. RT-PCR was
only conducted on hypothalamus and frontal cortex. Tissues were flash
frozen in liquid nitrogen and stored at —80 °C.

2.6. Tissue processing for protein assays

Hippocampal samples were sonicated on ice using a tissue extraction
reagent (Invitrogen, cat#: FNN0071) supplemented with a protease in-
hibitor cocktail (Sigma-Aldrich, cat#: P2714). Homogenates were
centrifuged (14,000 x g for 10 min at 4 °C) and supernatants collected
and stored at — 80 °C. Total protein was quantified using a Bradford
assay.

2.7. Enzyme-linked immunosorbent assay (ELISA)

A multiplex ELISA was run to assay protein levels of rat IFNy, IL-1p,
IL-6, TNF, CXCL1, IL-2 and IL-10 using the Simoa Rat Cytokine Panel 1
7-Plex kit (Quanterix; cat#: 85-0015). An ELISA for rat IL-6 (R&D
Systems, cat#: RLBOO) was conducted as IL-6 protein was not detected
using the multiplex ELISA. ELISAs were run according to the manufac-
turer’s instructions and protein levels normalized to total protein.

2.8. Real time RT-PCR measurement of gene expression

Total RNA was isolated from hippocampus using TRI Reagent (Mil-
liPore Sigma, cat#: 93289) and a standard method of phenol:chloroform
extraction (Chomezynski and Sacchi, 1987). Total RNA was quantified
using a NanoDrop 2000 spectrophotometer (ThermoFisher). cDNA
synthesis was performed using the SuperScript II Reverse Transcriptase
kit (ThermoFisher, cat#: 18064014). A detailed description of the PCR
amplification protocol has been published previously (Frank et al.,
2006). cDNA sequences were obtained from Genbank at the National
Center for Biotechnology Information (NCBI; www.ncbi.nlm.nih.gov).
Primer sequences were designed using the Operon Oligo Analysis Tool
(http://www.operon.com/tools/oligo-analysis-tool.aspx) and tested for
sequence specificity using the Basic Local Alignment Search Tool at
NCBI (Altschul et al., 1997). Primers were obtained from ThermoFisher.
Primer specificity was verified by melt curve analyses. All primers were
designed to span exon/exon boundaries and thus exclude amplification
of genomic DNA. Primer sequences are detailed in Supplemental data
(Table 1). PCR amplification of cDNA was performed using the Quan-
titect SYBR Green PCR Kit (Qiagen, cat#: 204145). Formation of PCR
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Table 1

Primer sequences. Abbreviations: Actb, p-actin; Cd, Cluster of Differentiation;
Cx3crl, CX3C Chemokine Receptor 1; Gfap, Glial Fibrillary Acidic Protein;
Hmgb1, High Mobility Group Box 1; II, Interleukin; Ibal, Ionized calcium-
binding adaptor molecule-1; MhcIl, Major Histocompatibility Complex II;
Nirp3, NACHT Domain-, Leucine-Rich Repeat-, And PYD-Containing Protein 3;
Tlr, Toll-Like Receptor; Tnf, Tumor Necrosis Factor.

Gene Primer Sequence5’ — 3’ Function

Actb F: TTCCTTCCTGGGTATGGAAT Cytoskeletal protein
R: GAGGAGCAATGATCTTGATC (Housekeeping gene)

Cd11b F: CTGGTACATCGAGACTTCTC Microglia/Macrophage antigen
R: TTGGTCTCTGTCTGAGCCTT

Cd163 F: Hemoglobin receptor expressed by
GTAGTAGTCATTCAACCCTCAC macrophages, but not microglia
R: CGGCTTACAGTTTCCTCAAG

Cd200r1 F: TAGAGGGGGTGACCAATTAT Cognate receptor for CD200
R: TACATTTTCTGCAGCCACTG

Cx3crl F: TCAGGACCTCACCATGCCTA Cognate receptor for CX3CL1
R: CGAACGTGAAGACAAGGGAG

Gfap F: AGATCCGAGAAACCAGCCTG Astrocyte antigen
R: CCTTAATGACCTCGCCATCC

Hmgb1 F: GAGGTGGAAGACCATGTCTG DAMP
R: AAGAAGAAGGCCGAAGGAGG

I1b F: CCTTGTGCAAGTGTCTGAAG Pro-inflammatory cytokine
R: GGGCTTGGAAGCAATCCTTA

Il6 F: Pro-inflammatory cytokine
AGAAAAGAGTTGTGCAATGGCA
R:
GGCAAATTTCCTGGTTATATCC

Ibal F: GGCAATGGAGATATCGATAT Microglia/Macrophage antigen
R: AGAATCATTCTCAAGATGGC

Mhclla F: AGCACTGGGAGTTTGAAGAG Microglia/Macrophage antigen
R: AAGCCATCACCTCCTGGTAT

Nirp3 F: AGAAGCTGGGGTTGGTGAATT  Inflammasome component
R: GTTGTCTAACTCCAGCATCTG mediating caspase-1/IL-1p

activation

Tlr2 F: TGGAGGTCTCCAGGTCAAATC Receptor for lipotechoic acid and
R: DAMPs
ACAGAGATGCCTGGGCAGAAT

Tlr4 F: TCCCTGCATAGAGGTACTTC Receptor for LPS and DAMPs
R: CACACCTGGATAAATCCAGC

Tnf F: CAAGGAGGAGAAGTTCCCA Pro-inflammatory cytokine

R: TTGGTGGTTTGCTACGACG

product was monitored in real time using the CFX96 Touch Real-Time
PCR Detection System (Bio-Rad). Relative gene expression was deter-
mined using Actb as the housekeeping gene and the 272¢T method
(Livak and Schmittgen, 2001).

2.9. HEK293 cells transfected with human (h)TLR2 and hTLR4

HEK293 cells transfected with hTLR2 (HEK-Blue hTLR2, cat#: hkb-
htlr2) and hTLR4 (HEK-Blue hTLR4, cat#: hkb-tlr4) genes were ob-
tained from Invivogen. hTLR4 cells were co-transfected with the MD-2/
CD14 co-receptor gene, while hTLR2 cells were co-transfected with the
CD14 gene to enhance TLR2 responsiveness, respectively. These cell
lines are also co-transfected with a secreted embryonic alkaline phos-
phatase (SEAP) reporter gene, which is placed under the control of an
interferon-p minimal promoter fused to five NF-kf (nuclear factor
kappa-light-chain-enhancer of activated B cells) and AP-1 (activator
protein-1) binding sites. Stimulation with a TLR2 or TLR4 ligand acti-
vates NF-xp and AP-1, which induce the production and extracellular
release of SEAP. Extracellular levels of SEAP are thus indicative of TLR
signaling. Of note, HEK293 cells express endogenous levels of the PRRs
TLR3, TLR5 and NOD1. Therefore, the parental cell line lacking hTLR2
and hTLR4 (null cells; HEK-Blue Null1, cat#: hkb-null1), but expressing
the SEAP reporter gene, was assayed to control for effects via HEK293
endogenous PRRs.

hTLR2, hTLR4 and null cells were cultured in T-25 tissue culture
flasks (Corning, cat#: 353108) in DMEM(1x) + GlutaMax-1 (Gibco,
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cat#: 10569-010) supplemented with 10% heat inactivated (HI) FBS
(Gibco, cat#: 0082-139), 100U/ml Penicillin-Streptomycin (Gibco,
15140-148), 100 pg/ml Normocin (InvivoGen, cat#: ant-nr-1), and 1x
HEK-Blue™ Selection (InvivoGen, cat#: hb-sel) at 37 °C, 5% CO». Cells
were cultured to 50-80% confluence prior to experiments. Cells were
counted and cell viability determined by trypan blue exclusion. For all
experiments, cell viability was greater than 95%. Cells were centrifuged
(1000 x g, 10 min) and suspended in DMEM(1x) + GlutaMax-1 sup-
plemented with 10% HI FBS to yield 1 x 1075 cells/90 pl. Cells (90 pul)
were then plated in a 96 well flat-bottom tissue culture treated plate
with white walls (Corning, cat#: 3610). S1 and S2 were diluted in cul-
ture media (DMEM(1x), GlutaMax-1, 10% HI FBS) and added (10 pl) to
cells to yield final concentrations of protein (0, 0.01, 0.1, and 1 pg/ml).
Each concentration of S1 and S2 were assayed in duplicate. Cells were
incubated for 4 h at 37 °C, 5% CO,.

SEAP was directly detected in microplate wells according to the
manufacturer’s instructions (NovaBright™ SEAP Enzyme Reporter Gene
Chemiluminescent Detection System 2.0, Invitrogen, cat#: N10577).
Chemiluminescence was measured using an Infinite M200Pro multi-
mode plate reader (Tecan). The plate reader was preheated to 37 °C
prior to chemiluminescent detection. Immediately upon addition of the
chemiluminescent substrate, the plate was loaded into the plate reader
and chemiluminescence measured once every 60 s over a 10 min
interval.

2.10. Isolation of adult primary rat microglia

Whole brain microglia were isolated using a Percoll density gradient
as previously described (Frank et al., 2006). We have previously shown
(Frank et al., 2006) that this microglia isolation procedure yields highly
pure microglia (Iba-1+/MHCII+/CD163-/GFAP-). In the present ex-
periments, immunophenotype and purity of microglia was assessed
using real time RT-PCR. Microglia were suspended in DMEM + Gluta-
Max-1 + 10% HI FBS and microglia concentration determined by trypan
blue exclusion. Microglia concentration was adjusted to a density of 4-6
x 10 cells/100 pl and 100 pl added to individual wells of a 96-well v-
bottom plate. Cells were incubated with the S1 subunit (0, 0.01, 0.1, and
1 pg/ml) for 24 h at 37 °C, 5% CO.. Supernatants were collected for
protein assays and cells lysed for RT-PCR. The plate was centrifuged at
1000 x g for 10 min at 4 °C to pellet cells. Supernatant was collected and
stored at —80 °C and cells washed 1x in ice cold PBS and centrifuged at
1000 x g for 10 min at 4 °C. Cell lysis was conducted using the Cells-
Direct procedure (Invitrogen; cat#: 117390) and cDNA synthesis was
performed according to the manufacturer’s protocol using SuperScript
IV (Invitrogen, cat#: 18091050).

2.11. Statistical analysis

All data are presented as mean + SEM. Statistical analyses consisted
of the following: t-tests for behavior, a 2 (drug; vehicle vs S1) x 3 (brain
region; hypothalamus vs hippocampus vs frontal cortex) mixed ANOVA
for neuroinflammatory gene expression, t-tests for hippocampal protein
levels and a one-way ANOVA for in vitro experiments. The Bonferroni-
Holm post-hoc test was used to correct for multiple testing. Analyses
were conducted using Prism 8 (Graphpad Software, LLC). Threshold for
statistical significance was set at a = 0.05. Sample sizes are provided in
figure captions.

3. Results
3.1. Behavioral effects of S1

S1 treatment significantly reduced the duration of several in-cage
behaviors (Fig. 1A) compared to vehicle treatment including total ac-

tivity (df = 10, t = 2.31, p = 0.04), self-grooming (df = 10, t =6.98, p <
0.0001) and wall rearing (df = 10, t = 2.37, p = 0.04), however eating
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Fig. 1. Effect of S1 on behavior. Rats were injected ICM with vehicle (1x PBS) or S1 (1 ug). (A) 8 h after ICM injection, home cage infrared video recordings were
made of in-cage behaviors from 1 h pre- to 1 h post-lights off and duration of behaviors scored based on Stanford Ethogram definitions. (B) JSE was scored 24 h prior
to ICM injection (baseline) and 24 h after ICM injection (test). Data are presented as the mean + SEM. N = 6/group. S1 vs vehicle, *p < 0.05, ****p < 0.0001.

(df =10, t = 0.36, p = 0.72.), drinking (df =10, t=1.76, p = 0.11) and
allo-grooming (df = 10, t = 2.37, p = 0.16) were not significantly
affected. The effect of S1 on wrestling behavior was marginally signifi-
cant (df = 10, t = 2.13, p = 0.06).

JSE was then conducted the next morning as a measure of social
avoidance (Fig. 1B). Baseline JSE was not significantly different between
treatment groups prior to ICM injection (df = 10, t = 0.76, p = 0.46),
however S1 treatment significantly reduced the amount of time the adult
rat engaged or socially explored the juvenile compared to vehicle con-
trol (df = 10, t = 2.69, p = 0.02). Engagement in most of these behaviors
(i.e., motor activity, social behavior, and self-grooming) is reduced
during the sickness response to infection, which is thought to reflect a
shift in the motivational state of the organism (Dantzer et al., 2008).
Furthermore, proinflammatory cytokines are both necessary and suffi-
cient to elicit this sickness response (Dantzer, 2009). Thus, these
behavioral effects of S1 suggest that S1 might induce a neuro-
inflammatory response. Therefore, we determined whether S1 admin-
istration induces neuroinflammatory effects in several brain regions.

3.2. Neuroinflammatory effects of S1 (mRNA)

Towards examining the neuroinflammatory effects of S1, we
measured expression of an array of genes including microglia/brain
macrophage activation markers (Ibal, Cd11b, Mhclle (RT1-Da)),
microglia/brain macrophage checkpoint receptors (Cd200r1 and
Cx3crl), an astrocyte activation marker (Gfap), pattern recognition re-
ceptors (TIr2, Tlr4), inflammasomes (Nlrp3), proinflammatory cytokines
(Il1b, Il6, Tnf) and damage-associated molecular patterns (Hmgb1).

3.2.1. 24 h after ICM injection

In hypothalamus (Fig. 2A), hippocampus (Fig. 2B) and frontal cortex
(Fig. 2C), we found that across all brain regions S1 increased gene
expression of Ibal (S1 main effect; df = 1, 10, F = 16.19, p = 0.002),
Cd11b (S1 main effect; df = 1, 10, F = 70.4, p < 0.0001), Mhclla (S1
main effect; df =1, 10, F = 17.2, p = 0.002), Tlr4 (S1 main effect; df = 1,
10, F =19.77, p = 0.001), Nlrp3 (S1 main effect; df =1, 10, F = 25.47, p
= 0.0005), Gfap (S1 main effect; df =1, 10, F = 18.17, p = 0.0017) and
I11b (S1 main effect; df = 1, 10, F = 29.62, p = 0.0003). Several genes
were differentially expressed in brain regions. S1 increased Cd200r1
(brain region x S1 interaction; df = 2, 20, F = 7.34, p = 0.004) in
hippocampus (p < 0.05) and hypothalamus (p < 0.05). S1 also increased
the DAMP Hmgb1 (brain region x S1 interaction; df = 2, 20, F =9.33, p
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= 0.0014) and TIr2 (brain region x S1 interaction; df = 2, 20, F = 6.07,
p = 0.009) in hippocampus (TIr2, p < 0.05; Hmgb1, p < 0.05).

3.2.2. 7d after ICM injection

Given the effects of S1 observed 24 h post-ICM injection, we exam-
ined the durability of these neuroinflammatory effects in hypothalamus
(Fig. 3A), hippocampus (Fig. 3B) and frontal cortex (Fig. 3C). We found
that at 7d after ICM injection, S1 increased gene expression across all
brain regions for Mhclle (S1 main effect; df = 1, 10, F = 25.03, p =
0.0005). Several genes were differentially expressed in brain regions. S1
increased Cd11b (brain region x S1 interaction; df = 2, 20, F = 10.54, p
= 0.0007) in frontal cortex (p < 0.01), Gfap (brain region x S1 inter-
action; df = 2,20, F = 5.61, p = 0.012) in hippocampus (p < 0.001), Tir2
(brain region x S1 interaction; df = 2, 20, F = 6.02, p = 0.009) in hy-
pothalamus (p < 0.05), Tlr4 (brain region x S1 interaction; df = 2, 20, F
= 9.6, p = 0.0012) in hypothalamus (p < 0.05) and frontal cortex (p <
0.05), NIrp3 (brain region x S1 interaction; df = 2, 20, F = 4.01, p =
0.034) in hypothalamus (p < 0.05) and hippocampus (p < 0.05) and Il1b
(brain region x S1 interaction; df = 2, 20, F = 9.05, p = 0.0016) in
hypothalamus (p < 0.05) and frontal cortex (p < 0.05). S1 decreased
Cd200r1 (brain region x S1 interaction; df = 2, 20, F = 3.53, p = 0.049)
in hippocampus (p < 0.05) and frontal cortex (p < 0.05).

3.3. Neuroinflammatory effects of S1 (protein)

To examine whether the neuroinflammatory effects of S1 extended to
the protein level, we measured several proteins in hippocampal tissue
lysate including IL-1p, IL-6, TNF, CXCL1, IL-10, IFNy and IL-2.

3.3.1. 24 h after ICM injection (Fig. 4A)

S1 treatment increased protein levels of IL-1p (df = 10, t =2.96, p =
0.007), TNF (df =10, t = 3.25, p = 0.005), CXCL1 (df =10, t =2.47,p =
0.015), IFNy (df = 10, t = 2.98, p = 0.005), IL-2 (df =10, t =2.37, p =
0.02) and IL-10 (df = 10, t = 2.98, p = 0.04) compared to vehicle
treatment. IL-6 was not significantly altered by S1.

3.3.2. 7d after ICM injection (Fig. 4B)
S1 treatment only increased protein levels of TNF (df = 10, t = 2.97,
p = 0.007), whereas all other proteins were not significantly changed.
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Fig. 2. Effects of S1 24 h post-ICM injection on neuroinflammatory genes. Rats
were injected ICM with vehicle (1x PBS) or S1 (1 pg). 24 h after ICM injection,
gene expression of glial activation markers and neuroinflammatory-related
genes was measured in (A) hypothalamus, (B) hippocampus and (C) frontal
cortex. Data are presented as the mean + SEM. N = 6/group. S1 vs vehicle, *p
< 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

3.4. Proinflammatory effects of S1 on microglia in vitro

Given that microglia play a pivotal role in the neuroinflammatory
response (Ransohoff and Perry, 2009) and that S1 induced a proin-
flammatory response in human peripheral blood mononuclear cells
(Olajide et al., 2021b), BV2 cells (Olajide et al., 2021a) as well as human
macrophages (Shirato and Kizaki, 2021), we examined the possibility
that S1 might directly induce a proinflammatory response in primary
microglia isolated from adult rat brain.

Microglia were directly exposed to S1 for 24 h, and cells analyzed for
gene expression changes (Fig. 5A) and cell culture supernatants assayed
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Fig. 3. Effects of S1 7d post-ICM injection on neuroinflammatory genes. Rats
were injected ICM with vehicle (1x PBS) or S1 (1 pg). 7d after ICM injection,
gene expression of glial activation markers and neuroinflammatory-related
genes was measured in (A) hypothalamus, (B) hippocampus and (C) frontal
cortex. Data are presented as the mean + SEM. N = 6/group. S1 vs vehicle, *
< 0.05, **p < 0.01, ***p < 0.001.

for protein levels (Fig. 5B). S1 increased gene expression for Il11b (df = 3,
8,F =159.0, p < 0.0001), Il6 (df = 3, 8, F = 15.5, p = 0.0011), Tnf (df =
3,8,F=31.71, p < 0.0001) and Nlrp3 (df = 3, 8, F = 50.81, p < 0.0001).
S1 also increased protein levels for IL-1p (df = 3, 8, F = 130.5, p <
0.0001), IL-6 (df = 3, 8, F = 358.4, p < 0.0001), TNF (df = 3, 8, F =
313.2, p < 0.0001), CXCL1 (df = 3, 8, F = 187.8, p < 0.0001), and IL-10



M.G. Frank et al.

3007 A: 24h post-IcM O vehicle

= m S1 T
€0 "
o
= .
5 8 200 o *
53
8 < .
g’ > 100-

[T
S O
8

0_
IFNy IL-18 IL-6 TNF CXCL1 IL-2 IL-10
200-B: 7d post-ICM O vehicle

c3 ms1
i
g *g150—
8 o0
- o
T 5 .
§ '_‘:3100

o
o
E 5 50
S O
g

0

IFNy IL-18 IL-6 TNF CXCL1IL-2 IL-10

Fig. 4. Effects of S1 24 h and 7d post-ICM injection on neuroinflammatory
proteins. Rats were injected ICM with vehicle (1x PBS) or S1 (1 pg). Protein
levels of neuroinflammatory-related proteins were measured in hippocampus
(A) 24 h and (B) 7d after ICM injection. Data are presented as the mean + SEM.
N = 5-6/group. S1 vs vehicle, *p < 0.05, **p < 0.01.

(df =3,8,F =181.0, p < 0.0001) in a concentration dependent manner.
Post-hoc comparisons are depicted in Fig. 5.

As noted in the Introduction, S1 contains the receptor binding
domain for the ACE2 receptor, which SARS-CoV-2 predominantly uti-
lizes to enter ACE2 + cells. Hernandez et al. found that ACE2 protein
was found throughout the brain and colocalized largely with endothelial
cells, neurons, and astrocytes (Hernandez et al., 2021). An analysis of
transcriptome databases also found widespread ACE2 expression in
brain endothelial cells, neurons, astrocytes, and oligodendrocytes (Chen
et al., 2020), however expression in microglia and other CNS macro-
phages was not found. Rhea et al. found that S1 bound ACE2 to a much
higher degree in lung compared to brain, however there was no evidence
of S1 binding ACE2 in liver, kidney, or spleen (Rhea et al., 2021). We
examined ACE2 gene expression in whole brain primary microglia and
failed to detect expression up to 40 cycles of PCR (data not shown)
suggesting that microglia do not express the ACE2 receptor. This finding
suggests that S1 signals through an alternate receptor on microglia.
Given the findings of Shirato and Kizaki (2021) and Olajide et al. (2021)
that demonstrated that S1 signals through the PRR TLR4 (Olajide et al.,
2021a; Shirato and Kizaki, 2021), we explored the possibility that S1
might utilize alternate PRRs (i.e., TLR2) in addition to TLR4 to induce an
inflammatory response.

3.5. Effects of S1 on hTLR2 and hTLR4 cells

HEK293 cells expressing the hTLR2 or hTLR4 receptor were exposed
to S1 (Fig. 6A) for 4 h. Here, we also assessed the effects of the S2 subunit
(Fig. 6B) to examine specificity of S1 effects. As noted, secreted
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Fig. 5. Proinflammatory effects of S1 in isolated microglia. Whole brain
microglia were isolated from adult rats and exposed to several concentrations of
S1 (0, 0.01, 0.1, and 1 pg/ml) for 24 h. (A) RNA was isolated from cells and
proinflammatory gene expression measured and (B) protein levels were
measured in cell culture supernatants. Data are presented as the mean + SEM.
N = 3 replications. S1 concentration vs media control, *p < 0.05, **p < 0.01,
wkxp < 0,001, *¥%%p < 0.0001.

embryonic alkaline phosphatase (SEAP) is measured in supernatant of
cultured HEK293 cells and reflects TLR-induced NF-xB and AP-1
signaling. Nulll cells, which lack hTLR2 and hTLR4, but express the
SEAP reporter gene, were also exposed to S1 (Fig. 6C) and assayed to
control for effects via HEK293 endogenous PRRs. S1 significantly
increased SEAP expression in hTLR2 (df = 3, 8, F = 170.0, p < 0.0001)
and hTLR4 (df = 3, 8, F = 24.98, p < 0.0002) cells, but failed to alter
SEAP expression in Nulll cells. S2 failed to affect SEAP expression at all
concentrations in hTLR2 and hTLR4 cells. Positive controls for hTLR2
(PAM3csk4) and hTLR4 (LPS) also increased SEAP expression indicating
that the cell lines were functional. The positive control for Nulll cells
(poly I:C) also increased SEAP expression indicating that Nulll cells
were functional. Post-hoc comparisons are depicted in Fig. 6.

4. Discussion

The present set of findings provide converging evidence in support of
the notion that the S1 subunit of the SARS-CoV-2 spike protein might
function as a PAMP, independent of viral infection, to induce a neuro-
inflammatory response and the behavioral sequelae of that response.
Prior studies demonstrated that S1 has proinflammatory properties
(Nuovo et al., 2021; Olajide et al., 2021a; Olajide et al., 2021b; Shirato
and Kizaki, 2021), which were largely restricted to examining in vitro
effects. Given these proinflammatory properties of S1 and that neuro-
inflammatory processes produce sickness behaviors (Dantzer et al.,
2008), we examined whether S1 treatment was sufficient to induce a
behavioral sickness response. Indeed, S1 treatment reduced time of
engagement in several behaviors (activity, self-grooming, wall rearing,
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¥k < 0.0001.

JSE) suggesting that S1 induced a sickness response. However, S1 failed
to affect eating and drinking behavior, which is not consistent with a
classic sickness response (Hart, 1988). Dantzer has proposed that
cytokine-induced shifts in motivational state mediate the behavioral
sickness response to inflammatory insults (Dantzer et al., 2008).
Therefore, we explored the neuroinflammatory/neuroimmune effects of
S1, which have largely not been characterized aside from the study of
Nuovo et al. (Nuovo et al., 2021) who examined a small number of in-
flammatory proteins using immunohistochemistry in brain endothelial
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cells.

Consistent with its behavioral effects, S1 treatment resulted in an
array of neuroinflammatory/neuroimmune effects in hypothalamus,
hippocampus, and frontal cortex. 24 h after ICM injection, S1 treatment
increased gene expression of microglia/brain macrophage activation
markers (Ibal, Cd11b, Mhclla), astrocyte activation markers (Gfap),
PRRs (Tlr4), inflammasomes (NIrp3), and proinflammatory cytokines
(I11b). These effects of S1 occurred in all brain regions. Several genes
were differentially affected in these brain regions by S1 treatment. S1
increased expression of the microglial/macrophage checkpoint receptor
Cd200r1 in hypothalamus and hippocampus, while S1 increased
expression of the PRR TIr2 and the DAMP Hmgb1 in hippocampus. To
determine the persistence of these effects, we examined the neuro-
inflammatory/neuroimmune effects of S1 at 7 days post-injection. We
found that S1 treatment resulted in a robust increase in Mhclla expres-
sion in all brain regions. Notably, the magnitude of the effect of S1 on
Mhclla at 7 days post-injection was comparable to the magnitude
observed at 24 h post-injection. For the other genes tested, several ef-
fects of S1 persisted, but varied more across brain regions compared to
the 24 h timepoint. S1 increased Cd11b (frontal cortex), Gfap (hippo-
campus), Tlr4 (hypothalamus, frontal cortex), Nlrp3 (hypothalamus,
hippocampus), and Il1b (hypothalamus, frontal cortex). Interestingly,
Tlr2 was increased in hypothalamus at the 7d timepoint, but was not
increased at the 24 h timepoint. In addition, Cd200r1 was decreased
(hippocampus, frontal cortex) at the 7d timepoint, whereas it was
increased at the 24 h timepoint (hypothalamus, hippocampus) indi-
cating that the effects of S1 are not monotonic. In hippocampus, we
tested whether S1 induced proteins involved in neuroinflammatory
processes. Indeed, S1 induced several proteins including IL-1f, TNF,
CXCL1, IFNy, IL-10 and IL-2 at 24 h post-treatment. IL-1$ and TNF are
necessary and sufficient to elicit a sickness response (Dantzer et al.,
2008) and thus might have mediated the effects of S1 on sickness
behavior here. TNF protein remained elevated 7d after S1 treatment.
These findings corroborate, in part, and extend the findings of Nuovo
et al. who demonstrated that S1 induced a neuroinflammatory response
(caspase 3, IL-6, TNF and C5b-9 protein) in brain endothelial cells 5 days
after S1 exposure (Nuovo et al., 2021). Consistent with Nuovo et al., we
found that S1 increased TNF protein at 24 h and 7d after ICM injection,
however we failed to find effects on IL-6 protein at these time points.

In considering the neuroinflammatory effects of S1, there are several
effects that are particularly noteworthy. First, the effect of S1 on Mhclla
persisted across time and brain regions. In one of the most compre-
hensive neuropathological studies in deceased Covid-19 patients,
Matschke et al. found upregulated MHCII in post-mortem brain of pa-
tients (Matschke et al., 2020). Increased MHCII is considered a marker of
microglial priming in conditions such aging, neurodegenerative disease,
traumatic brain injury and stress exposure (Perry and Holmes, 2014).
Interestingly, the T helper type 1 cell (Th1) cytokine IFNy upregulates
microglial MHCII (Grau et al., 1997; Neumann et al., 1996; Neumann
et al., 1998; Ta et al., 2019; Wong et al., 1984) and primes microglia
(Chao et al., 1995; Hu et al., 1995; Spencer et al., 2016; Ta et al., 2019)
to subsequent proinflammatory stimuli. Interestingly, S1 increased
hippocampal IFNy protein, which might have played a mediating role in
S1 effects on Mhcllo. Thl cells and NK cells are considered the pre-
dominant source of IFNy in the CNS (e.g., meninges and choroid plexus),
which increases peripheral leukocyte trafficking into the brain paren-
chyma (Deczkowska et al., 2016). Also, it is important to consider that
the effects of S1 on Mhclla were measured in whole tissue, thus it is
unclear if the effects were microglia/macrophage specific. Nevertheless,
as MHCII is largely expressed by microglia and other brain macro-
phages, the effect of S1 on Mhcllu likely reflects a considerable shift
away from a surveillant or homeostatic state in CNS macrophages. Also,
S1 increased expression of the microglia/macrophage markers Cd11b
and Ibal in all brain regions at the 24 h timepoint, additional evidence
that S1 induced a shift in the activation state of CNS macrophages.
Furthermore, S1 increased expression of the chemokine CXCL1 in
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hippocampus, which is a potent chemoattractant for neutrophils via the
CXCR2 receptor (Ravindran et al., 2013). This raises the possibility that
S1 might recruit peripheral leukocytes into the brain considering that
IFNy facilitates leukocyte trafficking.

Second, S1 increased the Thl cytokine IL-2 in hippocampus sug-
gesting that T cells might be involved in the effects of S1. Also, cytotoxic
CD8 + T cells have been found in post-mortem brain of Covid-19 pa-
tients (Matschke et al., 2020). This finding is particularly relevant here
given that activated CD8 + T cells are a source of both IFNy and TNF
(Behr et al., 2018). Thus, the Sl-induced increase in these proin-
flammatory cytokines might reflect activation of this subset of T cells. In
addition, the neuroinflammatory effects of S1 were not restricted to CNS
macrophages as we found upregulation of the astrocyte marker Gfap.
Interestingly, evidence of astrogliosis was found in post-mortem brain of
all patients who died of Covid-19 (Matschke et al., 2020). However,
GFAP protein levels were not assessed here, thus it is unclear whether S1
effects on GFAP mRNA reflects astrogliosis.

Third, S1 increased Cd200r1 at the 24 h timepoint, and decreased it
7d post-treatment in hippocampus and frontal cortex. CD200R1 is a
macrophage/microglia checkpoint receptor expressed almost exclu-
sively on microglia as well as other CNS macrophages (Koning et al.,
2009; Wright et al., 2000) and CD200 is a membrane glycoprotein
expressed by neurons and endothelial cells. CD200 binding CD200R1
constitutively inhibits microglia/macrophage cell function and proin-
flammatory cytokine responses (Gorczynski et al., 2008; Jenmalm et al.,
2006; Zhang et al., 2004). Disruption of CD200:CD200R1 signaling
potentiates the proinflammatory response of microglia (Costello et al.,
2011; Denieffe et al., 2013; Frank et al., 2018). The decrease in Cd200r1
7d post-treatment in hippocampus and frontal cortex suggests that S1
might induce a protracted primed state in CNS macrophages.

Fourth, in further support of this possible priming effect of S1, Nlrp3
(hypothalamus, hippocampus) and Il1b (hypothalamus, frontal cortex)
gene expression were also increased 7d post-S1. Priming of the NLRP3
inflammasome involves upregulation of NIrp3 and Il1b expression
(Lamkanfi and Kanneganti, 2010). Taken together, these effects of S1,
though not uniform across brain regions and time, on Mhclla, Cd200r1,
Nlrp3, I11b and IFNy suggest that S1 might prime CNS macrophages for a
prolonged period after S1 exposure. If so, a primed neuroinflammatory
response might play a pivotal role in the pathogenesis of post-acute
sequelae of SARS-CoV-2 (PASC; long-Covid), which is characterized by
fatigue, cognitive deficits, and neuropsychiatric symptoms, which
persist up to 6 months after SARS-CoV-2 infection (Nalbandian et al.,
2021).

A key question arising from the present results is what receptor(s)
mediates the neuroinflammatory effects of S1. S1 binds largely ACE2
(Hoffmann et al., 2020) and ACE2 protein is found throughout the brain
and colocalizes with endothelial cells, neurons, and astrocytes
(Hernandez et al., 2021). An analysis of transcriptome databases also
found widespread ACE2 expression in brain endothelial cells, neurons,
astrocytes, and oligodendrocytes (Chen et al., 2020), however expres-
sion in microglia and other CNS macrophages was not found. It is
possible that ACE2 mediates, in part, some of the neuroinflammatory
effects of S1, for example via astrocyte activation. However, to our
knowledge, there is no evidence that S1 signaling via ACE2 induces
inflammatory mediators. In addition, we failed to detect ACE2 gene
expression in adult rat primary microglia and S1 directly induced a
proinflammatory response in primary microglia, which do not express
ACE2. This direct effect of S1 on microglia suggests that S1 signals
through a receptor apart from ACE2. Microglia express several TLRs
including TLR2 and TLR4 (Kumar, 2019), thus S1 might signal through
these PRRs to produce a neuroinflammatory response in microglia.

S1 does induce endothelial cell damage (Nuovo et al., 2021). It is
feasible, therefore, that S1 indirectly induces a neuroinflammatory
response via the release of DAMPs from damaged cells. Matschke et al.
found evidence of tissue damage in post-mortem brain of Covid-19 pa-
tients (Matschke et al., 2020). In addition, Wenzel et al. found evidence
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of endothelial cell death in post-mortem brain of patients (Wenzel et al.,
2021). DAMPs, for example HMGBI1, induce an inflammatory response
via TLRs in myeloid cells (Yang et al., 2013), and S1 signals through
TLR4 in THP-1 and RAW264.7 cells (Shirato and Kizaki, 2021) and BV2
cells (Olajide et al., 2021a) to induce a proinflammatory response. Our
work corroborates and extends these previous findings. We report that
S1 increased expression of the DAMP Hmgb1, which was restricted to the
hippocampus 24 h after treatment; and S1 activated transgenic HEK293
cells expressing human TLR2 and TLR4. Interestingly, S1 induced a
greater response in hTLR2 cells than in hTLR4 cells suggesting that S1
might utilize both TLR2 and TLR4 to drive proinflammatory processes.
We also found that the S2 subunit failed to induce signaling via hTLR2
and hTLR4 suggesting that the effects are specific to S1. This finding is
consistent with the study of Nuovo et al. who found that the S1 subunit,
but not the S2 subunit generates an inflammatory response in brain
endothelial cells (Nuovo et al., 2021).

We found that S1 upregulated expression of TLR2 (hippocampus)
and TLR4 (hypothalamus, hippocampus, frontal cortex) at the 24 h time
point and TLR4 (hypothalamus, frontal cortex) at the 7d time point.
Consistent with this effect of S1 in vivo, S1 induced a profound upre-
gulation of TLR4 protein in BV2 cells (Olajide et al., 2021a). This S1-
induced upregulation of TLR2 and TLR4 might play a role in the pro-
tracted neuroimmune response to S1. The neuroinflammatory effects of
S1 on TNF protein (hippocampus) and II1b mRNA (hypothalamus,
frontal cortex) persisted 7d after S1 treatment, which are products of
TLR2/4 signaling. Thus, the implication is that an S1-induced molecule
is likely still signaling through innate immune receptors such as TLR2/4
to produce these protracted increases in proinflammatory cytokines. It is
also possible that, in addition to neuroinflammation via direct TLR
signaling, S1-induced cellular damage in the CNS might chronically
elevate DAMPs, which then produce this protracted proinflammatory
response via TLR2/4 signaling. We surmise that S1 likely signals directly
through multiple receptors (e.g., TLR2, TLR4) to elicit a neuro-
inflammatory response and might indirectly elicit a neuroinflammatory
response through the release of DAMPs from damaged cells via ACE2.

The present set of findings add to a growing body of evidence (Nuovo
et al., 2021; Olajide et al., 2021a; Olajide et al., 2021b; Shirato and
Kizaki, 2021; Zheng et al., 2021) that structural proteins derived from
SARS-CoV-2 might function independently as PAMPs to induce inflam-
matory processes via PRR engagement. Here, we provide evidence that
the S1 subunit might function as a PAMP in the CNS to drive neuro-
inflammatory processes and the behavioral consequences of those pro-
cesses, and thus play a role in the pathogenesis of SARS-CoV-2 infection.
However, S1 signaling at TLRs was not demonstrated in vivo, thus the
present findings are suggestive even though we found that S1 signals
through TLR2/4 in vitro. Further, a control protein such as S2 was not
assessed in vivo, thus specificity of S1 effects in vivo are unclear. In
addition, behavioral endpoints did not include measures of depressive-
like behavior, therefore it is unclear if the effects of S1 recapitulate
this neuropsychiatric phenotype. It is important to consider that the
neuroinflammatory effects of S1 likely occur in concert with effects of
SARS-CoV-2 on peripheral proinflammatory processes, which might also
drive neuroinflammation via immune-to-brain signaling pathways
(McCusker and Kelley, 2013). Moreover, there is some evidence of
SARS-CoV-2 infection of the brain (Matschke et al., 2020), which would
drive neuroinflammatory processes concomitant with the direct CNS
effects of S1 and/or peripheral cytokine effects. These facets of SARS-
CoV-2 induced neuroinflammation likely synergize to drive the neuro-
logical, cognitive, and neuropsychiatric symptoms during infection as
well as the protracted CNS effects that are observed many months after
resolution of SARS-CoV-2 infection (Groff et al., 2021; Nalbandian et al.,
2021; Taquet et al., 2021).
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