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COVID-19 and especially Long COVID are associated with severe CNS symptoms and may place persons at risk to
develop long-term cognitive impairments. Here, we show that two non-infective models of SARS-CoV-2 can cross
the blood-brain barrier (BBB) and induce neuroinflammation, a major mechanism underpinning CNS and
cognitive impairments, even in the absence of productive infection. The viral models cross the BBB by the

ZEZ fgﬁgﬁ?x::; mechanism of adsorptive transcytosis with the sugar N-acetylglucosamine being key. The delta and omicron
Obesity variants cross the BB B faster than the other variants of concern, with peripheral tissue uptake rates also differing
Glycoprotein for the variants. Neuroinflammation induced by icv injection of S1 protein was greatly enhanced in young and
Virus especially in aged SAMP8 mice, a model of Alzheimer’s disease, whereas sex and obesity had little effect.
Microglia

Aging

1. Introduction

COVID-19, the acute respiratory illness induced by SARS-CoV-2, is
followed in over 50 % of cases by Long COVID (Blomberg et al., 2021).
Long COVID has many symptoms that are likely mediated by the CNS
and has a very persistent course in which peripheral symptoms (e.g.
fever, cough) tend to resolve while CNS symptoms (e.g., brain fog,
memory, speech and language issues) worsen (Davis et al., 2021; Jones
et al., 2021). COVID-19 and, in particular, Long COVID is associated
with memory deficits and cognitive decline (Blomberg et al., 2021;
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Davis et al., 2021; Hampshire et al., 2021). CNS effects of COVID-19
include both neurological (Moghimi et al., 2021) and neuropsychiatric
(Steardo et al., 2020) manifestations of post-acute sequelae of SARS-
CoV-2 infection (PASC). For example, in those with severe symptoms
of COVID-19, anxiety, attention, semantic word fluency and analogies,
coronary heart disease, and pulmonary and lung function, and dizziness
are more severe (Taquet et al., 2021; Widmann et al., 2021).

Several mechanisms can transform a virally-induced, acute respira-
tory infection into a long-term condition with predominant CNS symp-
tomatology (Banks and Erickson, 2022; Xie et al., 2022). A common
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pathway of those mechanisms and of conditions resulting in long-term
cognitive impairments is neuroinflammation. One mechanism is by
disruption of the blood-brain barrier (BBB) by cytokines, the ectodo-
main of the spike protein (S1), or SARS-CoV-2 (Buzhdygan et al., 2020;
Kim et al., 2021; Nuovo et al., 2022; Zhang et al., 2021a). BBB disruption
is an early biomarker in the development of cognitive impairments
(Montagne et al., 2015; Montagne et al., 2020; Nation et al., 2019).
Another mechanism by which neuroinflammation could be induced is by
the cytokines released into blood during the cytokine storm of COVID-19
(Wang et al., 2020) crossing the BBB to enter brain. Another mechanism
is by the ectodomain of the Spike protein (S1) itself or the intact virus
crossing the blood-brain barrier (BBB). S1 has been shown to cross the
BBB (Rhea et al., 2021) and staining has been detected in cortical neu-
rons and along brain endothelial cells (Song et al., 2021) and viral in-
teractions with the BBB can induce CNS changes (Stefano et al., 2022).
SARS-CoV-2 can infect and cross in vitro models of the BBB (Krasemann
et al., 2022; Yang et al., 2022), but it is not clear whether the virus can
cross the in vivo intact BBB. Once in the brain, cytokines, S1, and virus
can induce neuroinflammation (Frank et al., 2022; Theoharides, 2022)
and cause cognitive impairments (Banks et al., 2001; Frank et al., 2022;
Tangpong et al., 2006).

A concern raised in the literature is that Long COVID may worsen,
accelerate, or unmask Alzheimer’s disease (AD) and other neurode-
generative diseases or produce its own type of long-term cognitive
impairment (Hascup and Hascup, 2020; Manzo et al., 2021; Meier et al.,
2021; Miners et al., 2020; Silva et al., 2022). Risk factors for COVID-19
and Long COVID have similarities to those for AD. Risk factors for being
infected and for having more severe COVID-19 include being male,
obese, elderly, and having hypertension (Denson et al., 2021; Gebhard
etal., 2020; Li et al., 2020; Zhang et al., 2020). Risk factors for acquiring
Long COVID are being female, overweight, and between the ages of 45
and 65 (Jones et al., 2021; Pela et al., 2022; Vanichkachorn et al., 2021;
Vimercati et al., 2021). Infection rate, morbidity, including worsening
cognition, and mortality from COVID-19 are increased in those with
cognitive impairments, including AD (Tahira et al., 2021; Zhang et al.,
2021b).

Transcriptomic and interactomic analyses indicate that the higher
levels of amyloid beta peptide, which are associated with AD, play a part
in the worsened outcomes for COVID-19 (Chiricosta et al., 2021). The
effect of these risk factors has not been evaluated for their effects on
neuroinflammation, likely a key risk factor for developing SARS-CoV-2-
related cognitive impairments.

Here, we assess the relation of these risk factors to induce neuro-
inflammation. We show that a S-pseudotyped lentivirus (SARS-PV) and
a virus-like particle (VLP) model of SARS-CoV-2 each cross the BBB even
more rapidly than the S1 protein and that the viral models and S1 each
induce neuroinflammation. Both SARS-PV and VLPs cross the BBB using
the mechanism of adsorptive transcytosis with the sugar N-acetylglu-
cosamine being key to transport and tissue uptakes. Variants of S1 differ
in their uptake rates by brain and peripheral tissues. Neuroinflammation
induced by icv injection of S1 protein was greatly enhanced in the
SAMP8 AD mouse model, which develops with aging an amyloid pre-
cursor protein (APP)/amyloid beta peptide dependent cognitive
impairment (Kumar et al., 2000; Morley et al., 2012). These results
support that SARS-CoV-2 can cross the BBB and induce neuro-
inflammation, even in the absence of productive infection, particularly
in the presence of an AD phenotype.

2. Methods
2.1. Synthesis of SARS-PV, VLPs, and null virus.

A plasmid expressing codon-optimized SARS-CoV2 spike protein
with a C-terminal 21-aa ER retention signal deletion (SARS-CoV2-

SpikeD21) was co-transfected with a GFP-expressing lentiviral vector
(pGIPZ; Horizon Bioscience) and lentiviral packaging plasmid (pSPAX2;
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Addgene) into Expi293F suspension cells using the ExpiFectamine 293
transfection kit (Gibco) according to the manufacturer’s instructions. At
6 days post-transfection, cells were pelleted by low speed centrifugation
and supernatants were collected and filtered through a 0.45uM filter.
Pseudoviruses were then pelleted by ultracentrifugation at 20,000xg for
2 h. Pellets were resuspended in PBS, aliquoted, and stored at —80C.
Total particle numbers were determined by quantitative p24 ELISA and
number of transducing particles quantitated on ACE2-expressing
HEK293 cells. For the null (no S protein) virus, transfection was as
above without the S encoding plasmid.

VLPs: Plasmid expression vectors encoding each of the SARS-CoV-2
M, E, N, and S proteins were constructed by standard cloning methods,
using synthesized codon optimized sequences based on the WA-1 strain
of SARS-CoV-2. Plasmids were transfected in combination into 200ml
suspension-grown Expi293F cells based on previous work using Expi-
fectamine reagent (ThermoFisher). 200 pg total plasmid DNA was
transfected at a ratio of the 5:1:5:1 for the M:E:N:S plasmids. VLPs were
collected from supernatant five days post transfection, passed through a
0.45 pm filter, and centrifuged 20 % sorbitol cushion at 30,000 rpm for
2 h in an SW32 rotor (Beckman). The pellet was then resuspended in 1/
100th original volume of phosphate-buffered saline. The presence of
viral proteins in the VLP pellet was confirmed by western blotting, using
specific antibodies for viral proteins. Total protein content was assessed
by BCA assay and VLPs were assessed by the OHSU Electron Microscopy
Shared Resource to verify VLP structure. As a control, supernatant from
mock transfected Expi293F cells was subjected to identical purification
steps and resuspension.

2.2. Radioactive labeling of S1 (RayBiotech), SARS-PV, VLPs, and
albumin

The S1 protein obtained from RayBiotech (230-30161, Vallé-
FIn690) was labeled with 12°1 by the chloramine-T method (Montelaro
and Rueckert, 1975) and purified on a column of G-10 Sephadex (I-S1).
Bovine serum albumin (Sigma) was labeled with 99mTe by the stannous
tartrate method (Wang et al., 2007) or with 1311 by the chloramine-T
method and purified on a column of G-10 Sephadex (T-Alb; I-Alb). T-
Alb and I-Alb were used interchangeably as per convenience. SARS-PV
and VLPs were labeled by the Bolton-Hunter method (Perkin-Elmer)
and purified on a column of Sepharose CL 2B (I-SARS-PV). Preliminary
experiments found that the viruses are unstable if labeled by the
chloramine-T method.

2.3. Brain perfusion: Brain uptakes of I-S1, I-SARS-PV, null virus, and
VLPs.

Preliminary studies found that iv injected I-SARS-PV degraded too
quickly to measure BBB permeability. Therefore, we used the brain
perfusion method to study viral uptake. Brain perfusion has several
characteristics that differentiate it from iv injection studies: it does not
allow the virus to interact with blood-borne elements, it does not allow
virus to interact with peripheral tissues prior to interaction with the
BBB, and it does not involve recirculation of virus. As such, only direct
interactions of virus with brain endothelial cells are assessed. Mice
anesthetized to effect with 40 % urethane had the heart exposed via
thoracotomy, the descending aorta clamped, and the jugulars cut
bilaterally to prevent infused solution from recirculating. The left
ventricle of the heart was cannulated and infused with Zlokovic’s buffer
(Zlokovic et al., 1986) at a rate of 2 ml/min. The perfusion contained 10°
cpm/ml of the vascular marker I-Alb and 5x10° cpm/ml of either I-S1, I-
SARS-PV, iodinated null virus, or I-VLP. Mice were perfused for 2, 4, 6,
8, and 10 min, 2 mice at each time point, at which time mice were
decapitated, the brain removed and weighed, and the levels of 12°I and
1311 determined in both brains and perfusion fluid. Brain/perfusion fluid
ratios are calculated and the ratio for I-Alb subtracted from that for I-S1
or virus to yield the delta brain/perfusion ratio. As albumin subtracts
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vascular content, this delta value reflects only virus taken up by the BBB.
Removal of vascular space as a variable also reduces statistical variance
for the viral ratio, improving statistical power in the subsequent calcu-
lations. The delta ratio was plotted against the perfusion time and the
slope for the linear portion of this regression measures the unidirectional
influx constant (Ki) in units of pl/g-min. The Ki was also determined for
I-S1 using the brain perfusion method.

For determination of the effect of wheatgerm agglutinin (WGA) and
brain regions on I-SARS-PV uptake by brain, a single time point of 5 min
of brain perfusion was used. WGA was included in the perfusion solution
at a concentration of 1 pug/ml.

2.4. Effect of lectins and sugars on brain and peripheral tissue uptakes of
I-S1

One of six lectins was included at a dose of 10 pg/mouse in an in-
jection into the right jugular vein of I-S1 and T-Alb. The lectins were
WGA, Lycopersicon esculentum lectin (LEL), Lotus tetragonolobus lectin
(LTL), Ricinus communis agglutinin (RCA), Galanthus nivalis lectin
(GNL), and Sambucus nigra lectin (SNA). In other mice, one of four
sugars at a dose of 100 pg/mouse was included in the injection of I-S1
and T-Alb into the right jugular vein. The sugars were N-acetylglucos-
amine, N-acetylgalactosamine, sialic acid, and mannose-6 phosphate.
Ten min after the iv injection, blood was obtained from the left carotid
artery, the brain harvested and liver, lung, kidney, and spleen collected.
Tissue/serum ratios were computed for I-S1 and T-Alb with units of pl/g
and the delta tissue/serum ratio calculated by subtracting the ratio for T-
Alb from the ratio for S1. The sugars, WGA, and GNL were purchased
from Sigma and the other 4 lectins were purchased from Vector
Laboratories.

2.5. Brain and peripheral tissue uptakes of S1 variants:

The South African variant (Antibodies-online Cat #ABIN6963739),
the UK variant (Reprokine Cat #RKNCOVS1B117), the Brazilian variant
(Antibodies-online Cat #ABIN696442), the delta variant (Antibodies-
online Cat # ABIN7013339) or the omicron variant (Reprokine
RKNCOVS10) were labeled and purified as described above for S1 from
RayBiotech. The I-S1 variant with T-Alb was injected into the right ju-
gular vein and 1, 3, 5, 7.5, 10, 15, 30, 45, or 60 min later, carotid artery
blood, whole brain, lung, liver, spleen, and kidney were collected. The
delta tissue/serum ratios were calculated as outlined above and plotted
against exposure time (Expt) using the equation:

Expt = {/0‘ Cp(t)dt}/Cp(t)

where Cpt is the concentration of radioactivity in serum at time = t. The
slope of the linear portion of this line defined the unidirectional influx
constant Ki in units of pl/g-min and its Y intercept defined Vi in units of
ul/g which consists of the vascular space and other components that are
in rapid equilibrium with the circulation.

2.6. Effects of antibodies on S1 brain and peripheral tissue uptakes

Mice anesthetized with urethane received an injection via the jugular
vein containing 6x10° cpm I-S1 and 3x10° cpm I-Alb. Mice had included
in the injection antibodies directed against S1 [Proteintech 91349-PTG
(neutralizing antibody, 8 pg/mouse) or R&D Systems MAB105403 (5
pg/mouse)] and Control mice received an injection human IgG (R&D
Systems #1-001-A, 8 pg/mouse). Other mice with separate controls
(receiving 10 pg/mouse of mouse IgG1l, Abcam) received 10 pg/mouse
of either AX290 or AX677 (Axon Covidax, Bratislava, Slovakia), which
are blocking antibodies directed against the spike protein (Kovacech
et al., 2022). Ten minutes after the iv injection, carotid artery blood was
obtained, the mouse decapitated, and the whole brain, spleen, a kidney,
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and portions of the liver and lung were harvested and weighed. The %
Inj/ml of I-S1 was calculated using the equation:

%Inj/ml = 100(cpm/ml of serum)/(cpm injected).

The tissue serum ratio of I-Alb was subtracted from the tissue/serum
for I-S1 as above and expressed in units of ul/g-tissue. The percent of the
injected dose of I-S1 taken up by a tissue that was not accounted for by
the albumin space (that is, vascular space and leakage) was expressed in
units of %Inj/g and calculated using the equation:

%Inj/g = (Corrected tissue/serum ratio) (%Inj/ml) /1000

2.7. ICV injection of SARS-PV: Neuroinflammation

Mice were anesthetized with 4 % isoflurane (0.5 1/min) induction
and 2 % maintenance. Using sterile technique, the skull was exposed by
a midline incision and skin retraction. Mice had a hole bored in the right
skull + 1.0 mm lateral and —1.0 mm posterior to the bregma. A 1.0 pl
Hamilton syringe was introduced to a depth of 3.0 mm through this hole
and 1.0 pl of lactated Ringer’s solution (n = 3), or 1.0 pl I-SARS-PV
containing lactated Ringer’s (n = 3), was injected into the lateral
ventricle of the brain over 15 s. The syringe was then removed and the
skin over the skull closed with wound clips. Mice recovered on a heating
pad for 1 h and returned to their home cage for 96 h. Mice were then
anesthetized with urethane (4 g/kg; 0.2 ml; ip) and perfused with 0.1 M
PBS followed by 4 % paraformaldehyde (PFA) in 0.1 M PBS. Brains were
extracted, post fixed for 24 h in 4 % PFA at 4 °C, cryopreserved in 30 %
sucrose PBS solution, and frozen in optimal cutting temperature (OCT)
compound on dry ice. Brains were stored at — 80 °C degrees until cry-
osectioning. Brains were acclimated overnight at —20 °C and then cut
with a Leica CM1950 cryostat at 30 pm-thick serial sections and stored
in 0.1 M phosphate buffered saline (PBS) + 0.02 % sodium azide at 4 °C
as free-floating sections before processing for immunofluorescence. 30
pum-thick serial coronal sections underwent antigen retrieval in 10 mM
trisodium citrate (pH 8.5) and heated at 90 °C for 20 m. Free-floating
tissue sections were permeabilized for 30 min at room temperature
(RT) in 0.1 M PBS + 0.2 % Triton X-100 and blocked for 2 h at 37 °C in
0.1 M PBS + 0.05 % Triton X-100 (PBST) + 5 % normal donkey serum
(Jackson ImmunoResearch). Sections were incubated in PBST + 1 %
donkey serum overnight at 4 °C with the following antibodies: Green
fluorescent protein (GFP, Goat, R&D Systems: AF4240, 1:100), Ionized
calcium binding adaptor molecule 1 (Ibal, Rabbit, WAKO: 019-19741,
1:1,000), and Glial fibrillary acidic protein (GFAP, Chicken, Millipore:
AB5541, 1:2,000). The following day, sections were washed and incu-
bated for 2 h at RT in a 1:1,000 dilution of Alexa-fluor-conjugated sec-
ondary antibodies in PBST + 1 % donkey serum. Sections were then
counterstained for DAPI, mounted, and cover slipped using
Fluoromount-G (ThermoFisher, 4958-02). Imaging was conducted with
a 10X objective on a Zeiss Axio Observer 7 inverted microscope.

To determine which cells took up SARS-PV, RNAScope was
employed. Mouse 15 pm-thick coronal sections were mounted on mi-
croscope slides. In situ hybridization for mouse CCL5 mRNA was per-
formed by RNAScope using protocols and reagents from the
manufacturer (ACD, RNAScope Multiplex Fluorescent Reagent Kit v2).
Briefly, dehydrated, peroxidase- and protease-blocked sections were
hybridized with probes for the chosen cytokine, such a MmCCL5probe
(ACD, 469601), for 2 h at 40 °C. The cytokine signal was developed by
incubation with HRP-C1 probe for 15 m at 40 °C, followed by Opal570
substrate (Akoya Biosciences FP1488001KT, 1:1500 in ACD Amplifica-
tion Buffer) for 30 min at 40 °C. Non-specific epitopes were blocked with
Antibody Diluent/Block (Akoya ARD1001EA). To determine the cellular
source of cytokine production, slides were incubated with anti-GFAP
(Mouse, Covance: SMI-22R, 1:1000), anti-Ibal (Rabbit, WAKO:
019-19741, 1:1000), anti-NEUN (Rabbit, Abcam: ab10422F5, 1:1000),
or GLUT1 (Rabbit: Millipore: 07-1401, 1:1000) and incubated with Opal
polymer HRP secondary antibody (Akoya ARH1001EA). Slides were
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Fig. 1. Blood-brain barrier transport of SARS-PV, VLP, null virus, and S1. Panels a & b show electron micrographs of SARS-PV. Panel ¢ shows elution patterns of
radioactively labeled SARS-PV and albumin from a column of Sepharose CL 2B. Panel d shows the transport of I-SARS-PV across the BBB with a Ki = 0.811 + 0.163
ul/g-min and a Vi = (=) 0.641 + 0.891 pl/g (r*> = 0.805, n = 8, p = 0.0025). Panel d also shows null virus which did not cross the BBB. The open circles departed
from linearity and so were not included in the calculation of Ki. Panel e shows that the uptake of I-SARS-PV across brain regions was homogeneous. Panel f shows the
transport of I-VLPs across the BBB with a Ki = 0.639 + 0.234 ul/g-min and a Vi = 0.234 + 1.4 pl/g (r*> = 0.555, n = 8, p = 0.034). Panel g shows for comparison I-51,
which had a Ki = 0.216, which was similar to that previously reported, but much lower than the transport rates for SARS-PV or VLPs.

developed with Opal520 substrate (Akoya FP1487001KT, 1:100 in 1x
Plus Amplification Diluent, Akoya FP1498) for 10 m at RT. Slides were
counterstained with DAPI, coverslips mounted, and imaged as above.

2.8. Effects of IP or ICV S1 on cytokines, amyloid, and metabolic
hormone levels

Young (2 mo old) CD-1 male mice received an IP injection with or
without 10 pg/mouse of S1 protein (AMSBIO); these mice had been
anesthetized with isoflurane prior to the IP injection to match the icv
injection groups below. 24 h later, whole blood was collected from the
abdominal aorta and the brain perfused with cold lactated Ringer’s so-
lution to wash out its vascular space. Hemi-brains were frozen in liquid
nitrogen until homogenized with an Omni beadbeater in phosphate
buffered solution containing 0.1 % triton and phosphatase and protease
inhibitor cocktails (Sigma P5726 and P8340), and centrifuged. The su-
pernatant had its protein content determined by BCA and was analyzed
for interleukin (IL)-1 alpha, IL-1 beta, IL-2, —3, —4, —5, —6, —9, —10,
—12(p40), —12(p70), —13, —17, eotaxin, G-CSF, GM-CSF, INF-gamma,
KC, MCP-1, MIP-1 alpha, MIP-1 beta, RANTES, and TNF (Bio-Plex Pro
Mouse Cytokine 23-plex Assay, Bio-Rad). The blood collected from the
abdominal aorta was allowed to clot and the resulting serum assayed in
the 23 analyte bioplex.

Three sets of mice received an icv injection of S1 protein (AMSBIO)
with brains being harvested 24 h later for the measurement of cytokines
in the 23 analyte bioplex assay. In each set, mice were anesthetized with
isoflurane and received an icv injection of 1 pl of lactated Ringer’s so-
lution with or without S1. The first set of mice was young (2 mo old) CD-
1 male mice and received an injection of 0, 0.01, 0.1 or 1.0 pg/mouse of
S1. The second set of mice was male or female CD-1 aged 2-4 mo or
16-18 mo of age and received 1.0 pg/mouse of S1. The third set of mice
were male SAMP8 male aged 2 mo or 12 mo and received 1.0 pg/mouse

254

of S1. Some of the 12 mo old SAMP8 male mice had been on a high fat
diet (Research Diets, D12492i) since age 2 months. 24 h after the icv
injection, brains were frozen in liquid nitrogen and blood was collected
as above. Brains were homogenized with an Omni beadbeater in phos-
phate buffered solution containing 0.1 % Triton and phosphatase and
protease inhibitor cocktails (Sigma P5726 and P8340), and centrifuged.
The protein content of the supernatant was determined by BCA. Brain
lysates were evaluated with the 23 bioplex, and serum levels of leptin,
ghrelin, insulin, PAI-1, and resistin measured (Bio-Plex Pro Mouse Dia-
betes 8-plex Assay, Bio-Rad). Amyloid beta peptide 1-40 and amyloid
beta peptide 1-42 were measured in the brain supernatants with the
Meso K15199 rat/human Abeta kit. Body weights prior to the icv in-
jection of S1 was also taken.

2.9. Brain and peripheral tissue uptake of S1 in young and aged SAMP8
mice

Male SAMP8 mice aged 4 or 12 months were anesthetized with
urethane and given an injection into the jugular vein of 0.2 ml of
lactated Ringer’s solution containing 8x10° cpm of I-S1 and 5X10° cpm
[-Alb. At 1-10 min after the iv injection, carotid artery blood was ob-
tained, the mice decapitated, and brain, spleen, a kidney, and portions of
the liver and the lung were removed and weighed. Radioactive levels
were measured in a gamma counter and the tissue/serum ratios calcu-
lated for both I-S1 and I-Alb. The I-Alb tissue/serum ratio for each
sample was subtracted from its I-S1 tissue/serum ratio, yielding the
amount of I-S1 taken up by a tissue beyond that attributable to vascular
space or leakage. These corrected tissue/serum ratios were plotted
against time and compared for an effect of age and compared to his-
torical data published for young CD-1 male mice (Rhea et al., 2021).
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Fig. 2. Effects of lectins on SARS-PV and S1 uptake by brain and peripheral tissues. a, WGA increased SARS-PV brain uptake by over 10-fold [20.4 & 1.9 pl/g to 241
+ 38 pl/g (df =12, t = 8.05, p < 0.0001)] without disrupting the BBB to albumin. b, for brain, a significant increase in S1 uptake was induced by RCA (t = 2.97, df =
16, p = 0.009, n for control = 10, n for lectin = 8), WGA (t = 5.02, df = 17, p = 0.0001, n for control = 10, n for lectin = 9), and GNL (t = 2.96, df = 18, p = 0.008, n
for control = 10, n for lectin = 10). ¢, for lung, a significant increase in S1 uptake was induced by RCA (t = 4.32, df = 17, p = 0.0005, n for control n = 10, n for lectin
n=29), LEL (t = 3.76, df = 17, p = 0.0016, n for control = 9, n for lectin = 10), WGA (t = 4.08, df = 12, p = 0.0015, n for control = 6, n for lectin = 8), and GNL (t =
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9.71, df = 18, p < 0.0001, n for control = 10, n for lectin = 10). d, for liver, a significant increase is S1 uptake was induced by GNL (t = 4.33, df = 18, p = 0.0004, n
for control n = 10, n for lectin n = 10). e, for spleen, a significant increase in S1 uptake was induced by RCA (t = 3.10, df = 17, p = 0.007, n for control n = 10, n for
lectin n = 9) and GNL (t = 4.06, df = 18, p = 0.0007, n for control n = 10, n for lectin n = 10). f, for kidney, a significant increase in S1 uptake was induced WGA (t =
3.15,df =17, p = 0.006, n for control = 10, n for lectin = 9). g, heat map of changes induced by lectins in the various tissues, LTL and SNA did not affect S1 uptake by
any tissue. h, key to heat map showing fold increases for statistically significant changes (NS = not significant), i, shows sugar inhibition of I-S1 uptake by lung (n =

10/cell).

2.10. Statistics

Means of two groups were compared by t-test, whereas more than
two groups was compared by ANOVA and the post-test for multiple
comparisons was Newman-Keuls. Regression analysis was performed
using the statistical package in Prism 9.0 (GraphPad, Inc, San Diego, CA)
and slopes of linearities are reported with their error terms, r2, n, and p
values. Means are given with their standard deviations.

3. Results
3.1. SARS-PV and VLP, but not null virus, cross the BBB

Fig. la&b are electron microscopy of the SARS-CoV-2 VLP and
Fig. 1c shows results for the purification of I-SARS-PV. The ability of I-
SARS-PV, I-VLP, and I-S1 to cross the BBB were compared by perfusing
the radiolabeled material through the vasculature of the brain, thus
eliminating potential interactions with circulating substances and up-
take or degradation by peripheral tissues. Passage of I-SARS-PV during
brain perfusion was linear for about the first 8 min of perfusion (Fig. 1d)
with a Ki = 0.811 + 0.163 pl/g-min. Null virus did not show brain up-
take and had brain/perfusion ratios less than those for smaller, co-
perfused T-Alb (Fig. 1d). Perfused I-VLPs had an uptake rate similar to
that of I-SARS-PV (Fig. 1f), but perfused I-S1 (Fig. 1g) had a lower up-
take rate (0.215 + 0.089 pl/g-min) than either of the two viral models,
but similar to that previously published for iv administered I-S1 (Rhea
et al., 2021). These results show that both virus models cross the BBB,
that such crossing is dependent on the S protein, and that the viral
particles cross the BBB more rapidly than S1.

3.2. All regions of brain take up SARS-PV

Uptake by various brain regions was determined by perfusing I-SARS-
PV and T-Alb for 5 min and harvesting brains. Uptake by brain regions of I-
SARS-PV administered by brain perfusion showed the lowest uptake for
occipital cortex (1.6 pl/g) and the highest for hypothalamus (6.3 pl/g).
ANOVA using repeated measures across brain regions showed no statis-
tical differences and Newman-Keuls multiple comparisons test found no
difference among the brain regions (Fig. 1e). Similar homogeneous uptake
across brain regions was found for perfused I-VLP and I-S1.

3.3. Lectins affect tissue uptakes of I-SARS-PV and I-S1

Viruses most commonly use their attachment glycoproteins to bind
to cell surface glycoproteins or glycolipids, inducing adsorptive

Table 1
Effects of lectins on tissue uptakes of I-S1. Results show percentage of control
values.

Tissue

Lectin Brain Lung Liver Spleen Kidney
WGA 1082 11843+ 78NS 15288 5000%*
LTL 134N8 174N8 73S 119N 43NS
SNA 79NS 116N 97Ns 115N 45NS
RCA 211%* 26847 133 205%* 1878
GNL 135+ 949 132%%* 186%** 132N
LEL 174* 1817+ 69" 86"NS 175N

NS = no significant change; 0.1 >t > 0.05; *p < 0.05; **p < 0.01; ***p < 0.001.

256

endocytosis to enter cells (Marsh, 1984). We previously showed that the
lectin WGA greatly increased uptake of S1 by brain and peripheral tis-
sues (Rhea et al., 2021). Here, we determined whether SARS-PV uptake
was also;ll mediated by the adsorptive transcytosis process. WGA was
added to the brain perfusion fluid containing I-SARS-PV and Tc-Alb.
WGA increased I-SARS-PV uptake by brain, but had no effect on Tc-
Alb uptake (Fig. 2a). This demonstrates that SARS-PV as predicted by
prior work with S1 is dependent on glycoprotein interactions for BBB
penetration and that WGA does not increase SARS-PV uptake by dis-
rupting the BBB.

The sugars most often associated with glycoprotein uptake of viruses
are sialic acid, N-acetylglucosamine, N-acetylgalactosamine, mannose,
and fucose (Shilatifard et al., 1993; Ushijima et al., 1992), with evidence
that sialic acid and N-acetylglucosamine are involved in S1 binding and
SARS-CoV-2 uptake (Baysal et al., 2021; Nguyen et al., 2022). Here we
used lectins selective for these sugars (WGA: sialic acid and N-acetyl-p-
glucosamine, LEL: N-acetylglucosamine and N-acetylgalactosamine,
LTL: fucose arabinose, RCA: N-acetylgalactosamine and N-acetylglu-
cosamine, GNL: mannose, SNA: sialic acid) to determine which were
most likely to be involved in [-S1 transport across the BBB and uptake by
peripheral tissues (Table 1). Brain, liver, spleen, kidney, and lung were
harvested from each group of animals that received a single lectin. Each
tissue was compared after lectin injection to its non-lectin injected
control by t-test. Two lectins, LTL and SNA had no effect on I-S1 uptake
for any tissue, indicating that fucose and sialic acid played little or no
role in S1 binding (Fig. 2g). Brain uptake was robustly increased by WGA
with lesser increases by RCA and by GNL, indicating an important role
for N-acetylglucosamine, and perhaps minor ones for mannose and N-
acetylgalactosamine. Lung had robust increases for WGA, RCA, LEL and
GNL, indicating importance of N-acetylglucosamine, N-acetylgalactos-
amine and mannose. Only GNL increased uptake of I-S1 by liver
(Fig. 2d). Spleen had increases for RCA and GNL, indicating the
importance of N-acetylgalactosamine and mannose (Fig. 2e). Kidney had
an increase only with WGA, indicating the importance of N-acetylglu-
cosamine (Fig. 2f). The heat map and its key (Fig. 2g-h) shows

Clearance From Blood

. t1/2 (min)
- Brazil 19.8
1.8 UK 25
—_ -»- South African 4.8
=1 1.6, Delta 10.4
E -~ Omicron 4.4
E 1.4
&\Q— 1.2
o
=)
0.8 , , .
()} 20 40 60
Time (min)

Fig. 3. Clearance of intravenously administered S1 variants from blood. The
log values of %Inj/ml were plotted against time using a one phase decay model.
Half life values were 2.45 min for the UK variant, 4.04 min for the Omicron
variant, 4.85 min for the South African variant, 10.4 min for the Delta variant,
and 19.8 min for the Brazilian variant.
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Fig. 4. Unidirectional influx constant (Ki) for blood-
to-brain transport of S1 variants. a, for the Brazilian
variant, the relation between brain/serum ratios and
time was statistically significant (r* = 0.907, n = 14,
p < 0.0001) and the Ki was 0.172 + 0.016 pl/g-min,
b, for the UK variant, the relation between brain/
serum ratios and time was statistically significant (r*
=0.772, n = 14, p < 0.0001) and the Ki was 0.199 +
0.031 pl/g-min, c, for the South African variant, the
relation between brain/serum ratios and time was

0.199

Exposure Time (min)

Delta Variant Brain

Ki=0.235

statistically significant (> = 0.769, n = 13, p <
0.0001) and the Ki was 0.145 + 0.024 pl/g-min, d, for
the Delta variant, the relation between brain/serum
ratios and time was statistically significant (r?
0.944, n = 13, p < 0.0001) and the Ki was 0.235 +
0.017 pl/g-min, e, for the Omicron variant, the rela-
tion between brain/serum ratios and time was statis-
tically significant (r> = 0.702, n = 19, p < 0.0001)
° and the Ki was 0.239 + 0.038 pl/g-min, f, shows
comparison of Ki’s for brain.
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similarities between lung and brain in the effects of lectins on I-S1 up-
take and a diversity of effects for other tissues. For lung, inclusion of the
sugars N-acetylglucosamine, N-acetylgalactosamine, or mannose-6
phosphate, but not sialic acid, inhibited uptake of I-S1 (Fig. 2i). Only
N-acetylgalactosamine inhibited uptake I-S1 uptake by liver (p = 0.022),
although it produced a trend for brain (p = 0.07). The sugars had no
effect on I-S1 uptake by kidney or spleen. These results indicate the
importance of glycoproteins in the uptake of S1 by brain and peripheral
tissues, but more strikingly, suggest a diversity in the cell surface
binding sites used by S1.

3.4. Brain and peripheral tissue uptakes vary among the S1 variants

Several variants of SARS-CoV-2 have arisen that have variants in the
S protein designated as the United Kingdom (UK, alpha, B.1.1.7), South
African (beta, B.1.351), Brazilian (gamma, P.1), delta (B.1.617.2), and
omicron (B.1.1.529) variants. These variants have different patterns of
infectivity and severity of symptoms and so we determined and
compared their rates of clearance from blood, BBB penetration, and
uptake by peripheral tissues. Clearance from blood after iv injection was
biphasic for all S1 variants with half-time clearances of the initial phase
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ranging from 2.5 min for the UK variant to 19.8 min for the Brazilian
variant (Fig. 3). The unidirectional influx constant for blood-to-brain
permeation varied from a low of 0.145 pl/g-min for the South African
variant to 0.239 pl/g-min for omicron variant (Fig. 4). Peripheral tissues
showed variation in their uptakes of the variants (Fig. 5). Any uptake
rate greater than 3.9 pl/g-min showed nonlinear uptake consistent with
reaching equilibrium. Most uptake rates greater than 20 ul/g-min
showed a phase of decline after the initial uptake, consistent with release
of S1 from the tissue back into the blood stream. The highest uptake
rates for the Brazilian variant and the delta variant was by spleen
(Fig. 5p,s) and the UK, South African, and omicron variants were most
avidly taken up by liver (Fig. 5g,h,j). The variant most avidly taken up
by lung was the UK variant (Fig. 5b), the liver took up the omicron
variant most avidly (Fig. 5j), the kidney took up the UK variant more
than any other variant (Fig. 51), and the spleen took up the delta variant
more rapidly than any other variant (Fig. 5s).

3.5. Antibodies against S protein can block brain uptake and alter uptake
by other tissues and clearance from blood

Immunity is conferred after vaccination and natural infection by
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Fig. 5. Uptake of intravenously administered S1 variants by peripheral tissues. Unidirectional influx constants (Ki, in units of pl/g-min) for the various tissues and
variants are shown. The relation between tissue/serum ratios and exposure time was statistically significant for all combinations except the Delta variant and South
African uptakes by spleen and the South African and UK uptakes by kidney. Closed circles used in calculations of linearities; open circles departed from linearity and
so were not included in calculations of Ki.
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development of antibodies directed against the S protein. We, therefore, clearance rates or by reducing the volume of distribution. We found an
examined the effect of some available S protein antibodies on the blood increase in the tissue/serum ratio of S1 for kidney, but not for liver,
clearance, BBB penetration, and peripheral tissue uptake of S1. The suggesting that clearance was increased, rather than decreased by

blocking antibodies AX290 and AX677 decreased the brain/serum ratios antibody binding. AX290 and AX677 also increased tissue/serum ratios
for S1 and AX290 decreased the percent of the injected dose taken up by for lung and spleen, but not for liver. The Proteintech antibody

brain. However, antibodies can have variable effects on clearance of decreased the %Inj/ml for I-S1, consistent with increased clearance of S1
their ligands and here AX290 and AX677 increased blood levels of S1. from blood (Fig. 6n). The tissue/serum ratio reflects the uptake rate and
Such increases in blood levels are typically caused by decreased was increased for kidney (Fig. 6q), but unaffected for brain, liver, lung,

e Control o AX290 antibody ® AX677 antibody * 91349-PTG

A  Brain/Serum Ratio B c %lnj/ml ($1)
*x %Inj/g-Brain *
8 Frkk 0.10 il 25 Fkk
0.08 [ 20
6 . e 2o nge ojo
. oo L] 0061 “o¥e gomo _HF 15 .
gl 0.04{ ° ge  10{ S b
2 of  °F 0.02 5
8
0 T T T 0.00 T T T v T T T
Lung/Serum Ratio o1
D —_— E %lnj/g-Lung F  %lInj/ml (Albumin)
kkkk *
kk¥k
90
1000 1 e 20 . . I
800 15 o 80
600 ° 10 %% afs 7o g a
Olo O ala
400 -.‘EEF o B8 ° 1’%
200 5 S, 60 ]
0 T T T 0 T T T 50 T T T
Kidney/Serum Ratio %Injlg-Kidney Spleen/Serum Ratio
H Fookk | —_— J Hookk

Kokkok dkk k%
800 ’—‘ 10 500
e =]

600 o . 8 % dakge 400 o aﬁ
= 6 300
400{ 4 _ﬁ-:- £ .0 esvie % °
s = 4 2001 e
L]
200 2 100
0 T T T o T T T 0 T T T
o %Inj/g-Spleen
K L %lInj/g-Liver M FHkK

Liver/Serum Ratio
8 dokkok

Cajalatel 24

o

1000 2| g%

Fig. 6. Effects of antibodies on I-S1 Kinetics. Tissue/serum ratios are in units of. ul/g. Brain uptake of I-S1 as measured by brain /serum ratios (F(2,24 = 16.9, p <
0.0001) was blocked by AX290 (p < 0.0001) and by AX677 (p = 0.0013) and as measured by %Inj/g (F(2,24) = 6.04, p = 0.0075) was blocked by AX290 (p =
0.0061). Clearance of I-S1 from blood as measured by %Inj/ml (F(2,24) = 11.2, p = 0.0004) was decreased by AX290 (p = 0.0002) and by AX677 (p = 0.04). Lung
uptake as measured by lung/serum ratios (F(2,24) = 12.3, p = 0.0002) was increased by AX290 (p = 0.0006) and by AX677 (p = 0.0008) and as measured by %Inj/g
(F(2,24) = 28.2, p < 0.0001) was increased by AX290 (p < 0.0001) and by AX677 (p < 0.0001). Kidney uptake as measured by kidney/serum ratios (F(2,24) = 29.7,
p < 0.0001) was increased by AX290 (p = 0.0004) and by AX677 (p < 0.0001) and as measured by %Inj/g (F(2,24) = 97.9, p < 0.0001) was increased by AX290 (p
< 0.0001) and by AX677 (p < 0.0001). Spleen uptake as measured by spleen/serum ratios (F(2,24) = 30.4, p < 0.0001) was increased by AX290 (p = 0.0006) and by
AX677 (p < 0.0001) and as measured by %Inj/g (F(2,24) = 34.9, p < 0.0001) was increased by AX290 (p < 0.0001) and by AX677 (p < 0.001). Liver uptake as
measured by %Inj/g (F(2,24) = 5.51, p = 0.011) was increased by AX290 (p = 0.008).The Proteintech antibody 91349-PTG decreased the %Inj/ml of I-S1 (t = 3.40,
df = 18, p = 0.0032) and increased the kidney/serum ratio (t = 2.58, df = 18, p = 0.019), consistent with antibody-induced enhanced renal clearance of S1. No other
tissue/serum ratio was altered. The uptake of I-S1 as measured by the %Inj/g-tissue was decreased for brain (t = 2.56, df = 18, p = 0.019), liver (t = 2.33, df = 18, p
= 0.032), and spleen (t = 2.94, df = 18, p = 0.0088), but not lung or kidney. *p < 0.05; **p < 0.01; ***
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Fig. 6. (continued).

or spleen, suggesting that the antibody enhanced S1 clearance by the
kidney. The %Inj/g which is dependent on both tissue uptake rate and
the clearance rate from blood was decreased for brain, spleen, and liver,
but not lung (Fig. 60, p,r,s) or kidney. Taken together, these results
suggest that one mechanism by which antibodies decrease tissue uptake
of S1 is by increasing renal clearance, which in turn lowers blood levels
and so reduces the amount of S1 available for uptake by the nonrenal
tissues. The R&D antibody had no statistically significant effect on I-S1
clearance or tissue uptakes.

3.6. ICV injection of SARS-PV induces neuroinflammation

We tested the possibility that SARS-CoV-2 once in brain can induce
inflammation even in the absence of productive infection. SARS-PV four
days after its icv injection could be visualized by staining for GFP,
demonstrating that it had been internalized by brain cells (Fig. 7a vs 7e).
Ibal and GFAP staining showed that microglia and astrocytes were
activated, respectively (Fig. 7b vs 7f, 7c vs 7 g). The inflammatory region
as assessed by Ibal and GFAP staining extended beyond the region of
viral uptake as assessed by GFP staining (Fig. 7d), indicating that viral
incorporation into the cellular genome was not the only mechanism of
inflammation. RNAscope found evidence for viral uptake only in
microglial cells Fig. 7i), but not astrocytes (Fig. 7j), neurons (Fig. 7k) or
endothelial cells (Fig. 71). The reactive microgliosis suggests that SARS-
PV induces neuroinflammation by being taken up by those cells, but the
astrogliosis shows that there are also mechanisms that do not involve
incorporation of the viral genome. Viral or S protein binding and/or
internalization without subsequent incorporation into the cells’ genome
is likely sufficient to induce a neuroinflammatory response in the cells of
the NVU, including microglia, astrocytes, neurons, pericytes, and brain
endothelial cells. Release of cytokines would also be a mechanism by
which one inflamed cell could induce inflammation in another and so we
then determined whether icv S1 could induce cytokine release in brain.
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3.7. Neuroinflammation induced by ICV injection of S1 is greatest in the
aged SAMP8 mouse model of Alzheimer’s disease

Risk factors associated with the acquisition and severity of COVID-19
and the risk for developing Long COVID include sex, age, obesity, and
Alzheimer’s disease. Here, we determined whether these risk factors
affected the ability of S1 injected into the CNS to induce neuro-
inflammation as measured by cytokine levels. We first tested the ability
of ip S1 administered to young CD-1 males to induce cytokine release in
blood. IP injection of 10 pg/mouse of S1 into 2 mo old male CD-1 mice
resulted in no changes in brain levels of the cytokines and statistically
significant increases in serum IL-3 and TNF (Fig. 8a-b). ICV injection of
$1(0.01, 0.1, or 1.0 pg/mouse) into 2 mo old male CD-1 mice resulted in
no changes of any cytokine in the blood and no change in body weight.
ICV injection of 0.01 pg/mouse (young CD-1 males) of S1 decreased
brain levels of IL-5 (Fig. 8c). All doses of S1 decreased GM-CSF levels
(Fig. 8d). The 1.0 pg/mouse of S1 increased brain levels of IL-12(p40)
and RANTES [F(3,35) = 16.1, p < 0.0001] (Fig. 8e-f). ANOVA also
showed a difference for MIP-1 alpha, but with no post-test differences.
As the icv pattern of cytokine release is remarkably different from that
seen after ip injection, the results of the icv study must be due to direct
action within the brain and cannot be ascribed to S1 stimulation of
peripheral events from brain S1 leaking into the blood.

ICV injection of 1.0 pg/mouse of S1 into young and aged male and
female CD-1 mice only showed an effect on RANTES, increasing levels of
brain RANTES in young males (p = 0.016), old males (p < 0.0001) and
young females (p = 0.032), but not in aged females (Fig. 9a). Sex or age
influenced levels of five brain cytokines: IL-5 was reduced in females
compared to males (Fig. 9b), IL-6 (Fig. 9¢), MCP-1 (Fig. 9d), MIP-1 beta
(Fig. 9e), and MIP-1 alpha (Fig. 9f) were higher in older than younger
females. However, there was no interaction of either sex or age with S1
treatment. We conclude that in CD-1 mice, S1 had minimal effects on
brain cytokines and that effect was not altered by sex or age.

Both Alzheimer’s disease and amyloid beta peptide have been asso-
ciated with worse outcomes to SARS-CoV-2 infections. Epidemiological
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Fig. 7. ICV SARS-PV is taken up by microglia and induces neuroinflammation. Four days after icv injection of GFP containing SARS-PV, a (in contrast to vehicle
injection in e) shows uptake by brain tissue, with induction of inflammation by microglia (b vs f) and astrocytes (c vs g). The area of inflammation appeared to extend
beyond the area of viral uptake (d) consistent with direct and indirect mechanisms of viral-induced inflammation. RNAscope showed GFP virus co-localizing with
microglia (i), but no co-localization with astrocytes (j), neurons (k), or endothelial cells (1).

studies show that some of the worsened outcomes for COVID-19 in
Alzheimer’s disease patients is ascribable to the increase in amyloid beta
peptide (Chiricosta et al., 2021). Although amyloid beta peptide can
have anti-viral properties (Bourgade et al., 2015), in the case of SARS-
CoV-2 it aids infections by facilitating binding between ACE2 and the
S protein, enhancing cell uptake (Hsu et al., 2021; Idrees and Kumar,
2021). Here, we examined the effect of ICV S1 on brain cytokine levels in
young and aged SAMP8 mice, a mouse model of Alzheimer’s disease.
The SAMPS is a strain that with aging develops cognitive defects, in-
creases in brain levels of amyloid precursor protein (APP) and amyloid
beta peptide, and oxidative stress in brain, all reversible with antisense
directed against APP (Morley et al., 2002). The SAMP8 set of mice
consisted of male mice that were young (2 mo),), an age prior to the
onset of amyloid beta accumulation and cognitive decline, or aged (12
mo), when amyloid beta accumulation and cognitive impairment are
present (Flood and Morley, 1998). In comparison to CD-1 mice, SAMP8
mice had a very robust response to S1 (Fig. 10). Four cytokines were
increased in brain: IL-12(p40), MIP-lalpha, MIP-1beta, and RANTES
(Fig. 10a, d-f). The response was more robust in older mice for each of
these cytokines and, additionally, eotaxin was increased only in older
mice (Fig. 10a,b, d-f). Aging alone had suppressive effects on IL-1beta
and IL-13 in mice not treated with S1 and on IL-17 in mice treated
with S1 (Fig. 10g-i). These results strongly support Alzheimer’s disease/
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amyloid beta peptide as modeled by the SAMP8 as risks for increased S1-
induced inflammation.

As obesity increases the risk for Alzheimer’s disease and is also a risk
factor for both acquisition and worse outcomes of COVID-19, we placed
some SAMP8 mice on a high fat diet for 8 months, starting at the age of 4
mo. The high fat diet increased body weight by about 40 % (Fig. 10j) and
increased serum leptin levels to levels typically seen in obesity (35 ng/
ml; Fig. 10k). However, modifications by obesity on the influences of S1
on brain cytokines were not robust, with no effects on I1-12(p40), MIP-1
alpha, MIP-1 beta, or RANTES. The increase in eotaxin induced by S1
was not significant in the obese mice, but for KC, S1 induced an increase
only in the obese group (Fig. 10c). Injection of S1 icv did not induce
weight loss in these mice, consistent with findings by Frank et al (Frank
et al.,, 2022). However, S1 increased serum levels of the orexigenic
hormone ghrelin in aged SAMPS8, but not in young or aged-high fat
SAMP8 mice (Fig. 10l) and slightly decreased serum levels of the
anorexic hormone leptin in aged mice on high fat diet (Fig. 10k). Serum
levels of the metabolic hormones insulin, resistin, and PAI-1 were not
affected by S1. This is consistent with the sickness behavior induced by
SARS-CoV-2 not having the classic feature of anorexia.
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Fig. 8. Intraperitoneal and brain intraventricular injection of S1 releases cytokines in CD-1 mice. Intraperitoneal injection of S1 (10 pg/mouse) increased blood levels
of IL-3 (a, df = 19, t = 2.09, p = 0.0498) and TNF-alpha (b, df = 19, t = 2.19, p = 0.41). A dose response curve of icv S1 showed in brain a decrease in IL-5 a the
lowest dose [¢, F(3,35) = 3.41, p = 0.028], a decrease in GM-CSF at all doses [d, F(3,35) = 4.80, p = 0.006], and increases in IL12(p40) [e, F(3,35) = 7.20, p =

0.0007] and RANTES [f, F(3,35) = 16.1, p < 0.0001] at the highest dose of 1 pg/mouse. *p < 0.05; **p < 0.01; ***p < 0.001;

3.8. S1 uptake by brain is decreased and by lung is increased in the
SAMP8 mouse model of Alzheimer’s disease

Interactions between S1 and amyloid beta peptide in the SAMP8
mouse could also result in differences in uptakes by various tissues.
Clearance rates of iv injected I-S1 did not differ between young (slope =
(-)0.042 + 0.016 %Inj/ml-min; t;,52 = 7.2 min) and aged (slope = (-)
0.027 + 0.007 %Inj/ml-min; t;,» = 11.1 min) SAMP8 mice (Fig. 11a).
Published data (Rhea et al., 2021) for clearance and tissue uptakes in
CD-1 male mice are shown for comparison as dashed lines and for
clearance did not differ from the SAMP8 groups. The transport rate
across the BBB in young and aged SAMP8 did not differ from each other,
but was slower when compared to the published data for young CD-1
mice (Fig. 11b; p = 0.0006). Uptake rates for young and aged SAMP8
or for the published data for young CD-1 mice did not differ for kidney,
spleen, or liver (Fig. 11d-f). The slopes for lung were not significant,
indicating that S1 had reached equilibrium between blood and lung.
Uptakes did not differ between young and old SAMP8 mice but were
about 10 times higher than uptake by lung (Fig. 11¢; p < 0.0001). Our
previously published data (Rhea et al., 2021) indicated that the murine
ACE2 binding site was more important for lung uptake in young CD-1
mice than for any other tissue. The high uptake seen here for lung in
the SAMPS is consistent with reports showing that amyloid beta peptide
facilitates binding of S1 and ACE2 (Hsu et al., 2021; Idrees and Kumar,
2021).

3.9. ICV S1 increases amyloid beta peptide in young SAMP8 mice

The effects of acute icv S1 on brain levels of the amyloid beta pep-
tides were tested in young and old CD-1 mice and in young, old, and old
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“p < 0.0001.

obese SAMP8 mice. 24 h after ICV S1, amyloid beta peptide 1-40
(Fig. 12a) was elevated and showed a trend towards elevation of amy-
loid beta peptide 1-42 (Fig. 12¢) in young SAMP8 mice. ICV S1 had no
statistically significant effects on amyloid beta peptide levels in young or
old CD-1 mice or in aged or aged obese SAMP8 mice.

4. Discussion

How COVID-19 transforms from an acute respiratory disease to one
with many CNS manifestations likely involves a variety of mechanisms.
That S1 (Rhea et al., 2021) and many of the cytokines released during
the cytokine storm of COVID-19 can cross the BBB to induce or enhance
neuroinflammation is well established (Banks, 2005). The ability of
SARS-CoV-2 to cross the BBB is less well established and its ability to
induce neuroinflammation is unexamined. Here, we show that two viral
models of SARS-CoV-2, a pseudovirus bearing the S protein and a virus
like particle bearing all four viral proteins of SARS-CoV-2, readily cross
the BBB of the mouse. Indeed, these two models of SARS-CoV-2 cross 4
times faster than the viral attachment protein S1, suggesting that either
the full S protein or conformational advantages of being embedded in
the viral membrane facilitates uptake by the BBB. The other three pro-
teins, 2 of which are inserted in the membrane, do not seem to aid in
viral transport across the BBB as the VLPs transport rate approximates
that of the pseudovirus.

The mechanism by which SARS-PV and VLPs cross the BBB is similar
to that of S1 as evidenced by WGA enhancing viral transport across the
BBB. Adsorptive transcytosis (transport across the BBB) is the classic
method by which viruses enter cells and cross the BBB and depends on
interactions between the viral attachment glycoproteins of the virus and
the glycoproteins and glycolipids of the targeted cell. The sugars of the
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Fig. 9. Effect of ICV S1, sex, and aging on

a RANTES b IL-5 levels of brain cytokines in CD-1 mice. a, ICV
S1 increased brain levels of RANTES [F
* okkx * *k (7,44) = 10.7, p < 0.0001]. ANOVA’s
304 *k showed effects of sex [b, IL-5: F(7,49) =
£ 0.3 6.39, p < 0.0001, young male > young fe-
% o c feXe) ° male (p = 0.0017), old male > old female (p
5 20 g _8_ o = 0.0049)] or age: c, IL-6: F(7,47) = 2.93, p
s o olo 8 o g 0.2 o Qo8 fe2) Ooo = 0.013, young females < old females (p =
s %8 S |ooBe B E R o o g 0011 d MCP-L: F(7, 48) — 3.92, p —
E 104 S 2 o ® @ &° oo 0.0018, young females < old females (p =
2 o o tEn 0.1 oo 0.012)]; e, MIP-1 beta F(7,47) = 6.67, p <
& &, > 0.0001, young vs aged female controls (p =
0 T \' T \' T \' T \' 2 0.003), young S1 treated females vs old S1
é& \‘\9 & \‘\% Q& <2 Q& «® 00—T—T—T—T T T T treated females (p = 0.012); f, MIP-1 alpha: F
3+ ¥ o o 3N ¥ o o F > EFDENE D (7, 48) = 6.73, p < 0.0001, young < old fe-
*\x‘ *“\ °\¥ ) *"‘ Qf o“ o“ male (p = 0.0013)]. yMLR = young males
given lactated Ringers (vehicle); yMS1 =
young males given S1, oMLR = old males
c IL-6 d MCP-1 g%ven lactated Ringer’s, oMS1 = old rr{ales
given S1, yFLR = young females given
44 150 lactated Ringer’s, yFS1 = young females
c * c * given S1, oFLR = old females given lactated
S 3+ o ] Ringers, oFS1 = old females given S1. *p <
g g 1004 ° 0.05; **p < 0.01; ***p < 0.001; ****p <
T 24 © o 0.0001.
° 2 o o 3 o o
o o o = ] o
Ele o) 2o e oe | 2o
2 o o 2 9
g | e &® 5o 2 & ) C@
5P o B So T RBET
0 — T T T T T T T 0 — T T T T T T
AR R IR ¢ N D F > E
% % V % N X N N
< < < <
SN S EFEFTTEEE
MIP-1 beta f MIP-1 alpha
* %k
150
e
*k £ o
< 50 %
© o (] 5 100+
il —
- ©
g- 40 o o § o o [¢)
o
— 30 g 50 o 3 P o &
5 > ® e 5= % 5
0 g — o °
920 o & oo ° W o
2’10 & i 8 o 0 T T T T T T T T
- L N NN
> 8 o NREIR R
o0 T T T T T T T T 3 % o o
& @9\‘&&@9\ Q\?'Qe!‘ Q\?'Qe"
90 0 %y 3N oo

glycoproteins are key to determining these interactions. N-acetylglu-
cosamine and mannose, for example, are key to the uptake of HIV-1's
viral attachment protein, gp120 (Dohgu et al., 2012; Mizuochi et al.,
1988). Here, stimulation of uptake by lectins gave more robust results
than attempts to inhibit uptake by sugars. Both approaches indicate an
importance of N-acetylglucosamine, N-acetylgalactosamine, and
mannose for I-S1 uptake by lung. It was surprising that sialic acid was
not shown here to be important sugar as its role in SARS-CoV-2 binding
to human ACE-2 is well documented (Nguyen et al., 2022). However,
SARS-CoV-2 binds murine ACE-2 much less avidly and so our results are
likely reflecting S1 binding to other receptors.
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The importance of the specific sugars varied among the tissues. For
example, N-acetylglucosamine played an important role in S1 binding in
brain, but not liver or spleen. The lectin results show that brain and lung
are more similar to one another in their sugar requirements than to the
other tissues. Interestingly, a similar clustering of brain and lung was
found for exosome uptake (Banks et al., 2022). These results suggest that
more than one site binds SARS-CoV-2 and that those binding sites are
heterogeneously distributed among the tissues.

The differences in initial cellular uptake rates and so infection rates
among the variants of SARS-CoV-2 is largely dictated by the variations in
its S protein. We found that the last two variants, delta and omicron,
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Fig. 10. Effects of SAMPS strain, aging, and obesity on icv S1-induced increases in brain cytokines. Six groups of male SAMP8 mice were studied: 2 mo old (2 m, n =
7), 2 mo old treated with S1 (2m S1, n = 7), 12 mo old (12 m, n = 6), 12 mo old treated with S1 (12 m S1, n = 6), 12 mo old obese (12 m obese, n = 6), 12 mo old
obese treated with S1 (12 obese S1, n = 7). S1 treatment increased in one or more groups brain levels of (a) IL-12p(40) [F(5,33) = 11.4, p < 0.0001], (b) eotaxin [F
(5,33) = 5.26, p = 0.0012], (c) KC [F(5,33) = 8.74, p < 0.0001], (d) MIP-lalpha [F(5, 33) = 12.6, p < 0.0001, (e) MIP-1beta [F(5,33) = 15.3, p < 0.0001, (f)
RANTES [F(5,33) = 17.5, p < 0.0001. The increase in brain induced by S1 was greater in older mice for IL-12(p40), MIP-1alpha, MIP-1beta, and RANTES and greater
in obese mice for KC. Age was associated with lower brain levels for (g) IL-1 beta [F(5,32) = 3.58, p = 0.011], (h) IL-13 [F(5,33) = 4.52, p = 0.0030], and aged S1-
treated mice for (i) IL-17 [F(5,33) = 3.29, p = 0.016]. Body weights (j) prior to injection of S1 were 29.9 + 1.7 g for 2 mo old SAMPS, 35.3 + 4.6 g for 12 mo old
SAMPS, and 49.0 + 5.6 g for 12 mo old SAMPS8 obese (all groups different from one another at p < 0.01); S1 did not cause a decrease in body weight of any of the
groups. k, blood leptin levels in 12 mo old SAMP8 mice on high fat diet (36.2 £+ 0.9 ng/ml) was decreased by icv S1 (28.8 & 11.2 ng/ml): p < 0.05 and I, blood
ghrelin levels in 12 mo SAMP8 mice on a low fat diet (mean + SD; 34.1 + 9.4 ng/ml) was increased by icv S1 (61.4 + 24.1 ng/ml): p < 0.01. S1 had no effect on

blood levels of PAI, resistin or insulin. m = month.

crossed the BBB about 60 % faster than the South African variant. This
would suggest that these variants enter the brain faster than the other
variants. The occurrence rates of Long COVID among SARS-CoV-2 var-
iants seems to have been addressed in only one paper which found that
Long COVID is about twice as common in the delta variant than in the
omicron variant (Antonelli et al., 2022).

The low uptake of S1 by lung and the similar uptake rates among the
variants for lung are consistent with ACE2 being the major binding site for
lung and murine ACE2 poorly binding to S1. Higher uptake rates for the
other peripheral tissues are consistent with other binding sites dominating
uptake by liver, kidney, and spleen. Liver and kidney are major clearance
sites for proteins in blood and these results show that whereas the liver is
the major site for each variant, the kidney is also relevant for the UK, South
African, and especially the Brazilian variants. The highest uptake of any
variant by any tissue was the uptake of the delta variant by the spleen.
Such avid uptake by an immune tissue may have contributed to the delta
variants robust clinical symptomatology. The variability among the vari-
ants for uptake by the various tissues could likewise account for their
variation in symptomatologies (Menni et al., 2022).
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We found that S1 blocking antibodies decreased the penetration of
S1 into brain either when results were expressed as brain/serum ratios
or as the percent of the injected dose entering brain (%Inj/g). These
findings are in agreement with in vitro studies in CNS organoids (Song
etal., 2021) and BEC monolayers (Krasemann et al., 2022). Brain/serum
ratios and %Inj/g describe similar, but distinct, aspects of S1 uptake by
brain. The brain/serum ratio is the more pure measure of the rate at
which S1 crosses the BBB. The %Inj/g reflects the influence of both the
uptake rate and clearance from blood. Binding antibodies can have
similar properties to plasma binding proteins. The effects of plasma
binding proteins on the uptake of their ligands by various tissues can be
varied and complex. For example, by reducing the free fraction of its
ligand, binding proteins can reduce uptake by tissues or, by decreasing
ligand clearance and so prolonging half-life, binding proteins can result
in increased uptake by tissues. Here, AX290 and AX677 increased blood
levels of S1, indicating that they prolonged half-life. In comparison,
91349-PTG decreased blood levels of S1, apparently by increasing
clearance by kidney. An unexpected finding was that AX290 and AX677
selectively increased the tissue/serum ratios for lung, kidney, and
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Fig. 11. Clearance and brain and tissue uptakes of I-
S1 by young and old male SAMP8 mice. Published

-©- 12 mo SAMP8 values (Rhea et al., 2021) for young male CD-1 are
..... CD-1 (published) shown as a dashed line for comparison. Slopes for
clearance or uptake by liver, spleen, or kidney did not
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spleen, but not for liver, suggesting that antibody binding facilitated the
interactions of S1 with the receptors for these tissues.

Our results show that once within the CNS, SARS-PV and S1 can
induce neuroinflammation. As neither SARS-PV nor S1 can replicate,
these results show that induction of neuroinflammation does not depend
on productive infection. The SARS-PV genome was incorporated into
microglia as shown by GFP and microglia became inflamed as evidenced
by increased Ibal levels. This is consistent with studies showing uptake
of SARS-CoV-2 by immortalized models of human microglia (Jeong
etal., 2022). Although microglia do not possess ACE2, it has been shown
that S1 binds to microglial TLR2 and TLR4 (Frank et al., 2022). Astro-
cytes also became reactive as evidenced by elevated GFAP levels, but we
found no evidence fnjhor astrocytic internalization of SARS-PV. We as-
sume that SARS-PV, S1, and microglial inflammatory products in the
interstitial fluid result in neuroinflammation of astrocytes and probably
other cells of the neurovascular unit. This is consistent with the work of
Matschke et al who found robust microglial activation in young patients
dying of COVID-19 (Matschke et al., 2022).

Risk factors for COVID-19 are being male, increasing age, obesity,
and Alzheimer’s disease and for Long COVID are being female, aged
between 45 and 65, overweight, and Alzheimer’s disease (Denson et al.,
2021; Gebhard et al., 2020; Jones et al.,, 2021; Li et al., 2020;
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Vanichkachorn et al., 2021; Vimercati et al., 2021; Zhang et al., 2020).
In young, male CD-1 mice, ip or icv injections produced only minimal
elevations in cytokines in blood and brain, respectively. Interestingly,
the cytokine pattern in blood after ip injection was different from the
cytokine pattern in brain after icv injection, demonstrating that CNS
neuroinflammation is not simply a reflection of peripheral inflamma-
tion. Aging and sex in CD-1 mice had no influence on S1-induced ele-
vations in brain cytokines, although there were some influences on
baseline levels. In contrast, icv S1 increased brain levels of 4 cytokines
(IL-12(p40), RANTES, MIP-1 alpha, and MIP-1 beta) in young SAMP8
mice, of 5 cytokines (IL-12(p40), RANTES, MIP-1 alpha, MIP-1 beta, and
eotaxin) in aged SAMP8 mice, and five cytokines in aged, obese SAMP8
mice (IL-12(p40), RANTES, MIP-1 alpha, MIP-1 beta, and KC). Addi-
tionally, the magnitude of the increase of the 4 cytokines (IL-12(p40),
RANTES, MIP-1 alpha, and MIP-1 beta) was greater in aged than in
young SAMP8 mice. The SAMP8 mouse develops age-related cognitive
impairments that are dependent on rising levels of brain amyloid pre-
cursor protein/amyloid beta peptide (Morley et al., 2002). These results
are, therefore, consistent with published results showing that at least
some of the risk factors of Alzheimer’s disease for COVID-19 are
attributable to amyloid precursor protein/amyloid beta peptide (Hsu
et al., 2021). Although amyloid beta peptide has some anti-infective
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Fig. 12. Effects of ICV S1 on brain levels of the amyloid beta peptides. S1
significantly elevated brain levels of amyloid beta peptide 1-40 in young
SAMPS8 mice, but not in young or old CD-1 mice or in old or old obese SAMP8
mice. S1 had no statistically significant effects on amyloid beta peptide 1-42 in
any of these groups, although there was a statistical trend for its elevation in
young SAMP8 mice. m = month.

properties, it promotes COVID-19 by facilitating S protein binding to
ACE2 and enhancing viral internalization. An effect of obesity on
response to S1 was only seen for KC, which was released only in obese,
aged SAMP8 mice. Overall, these results show that age, sex, and obesity
in our models have no to minimal effects on Sl-induced neuro-
inflammation as measured by cytokine secretion, but that the SAMP8
phenotype, likely due to its age-related increases in amyloid precursor
protein/amyloid beta peptide, has a powerful effect on S1l-induced
neuroinflammation.

The effect of the SAMP8 phenotype on tissue uptake of S1 was more
varied. Transport into brain was lower than that previously measured in
young CD-1 male mice (Rhea et al.,, 2021). Uptake by lung was
dramatically higher in SAMP8 mice than in CD-1 mice, which could be
explained by ACE2-amlyoid beta peptide interactions discussed above.

These findings raised the question of whether icv S1 altered brain
levels of amyloid beta peptide. Inflammation is known to increase am-
yloid beta peptide levels in brain and to reduce its clearance from brain
(Jaeger et al., 2009; Sheng et al., 2003). Here, we found that icv S1
enhanced amyloid beta peptide 40 with a trend towards enhancement of
amyloid beta peptide 42 in young SAMPS8 mice, but not in the other
groups tested. This is consistent with clinical studies that found minimal
effects on amyloid beta peptide in patients with COVID-19 (Frontera
et al., 2022). This suggests that increases in amyloid beta peptide are not
a major feature in the acute inflammation induced by icv S1. However,
the results do suggest that amyloid beta peptide can be affected and
under other conditions, perhaps such as prolonged inflammation, more
significant elevations in amyloid beta peptide might occur. In particular,
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interactions among ApoE genotypes, amyloid beta peptide, and SARS-
CoV-2/COVID-19 seem to occur (Kurki et al., 2021). This study has
the following limitations. While our results support detrimental CNS
effects of SARS-CoV-2 and S1 independent of viral replication, these
effects would likely be more profound if virus replicates in brain. In
addition, we recognize species differences in neuroinflammatory re-
sponses (Zschaler et al., 2014), especially as mouse ACE-2 interacts very
little with S1. Finally, although we studied some factors such as aging,
sex, and obesity, humans are exposed to environmental modifiers that
were not replicated here (Sundberg and Schofield, 2018).

In conclusion, our results here support the ability of SARS-CoV-2 as
assessed by two viral models to cross the BBB by the mechanism of
adsorptive transcytosis and to induce neuroinflammation. The S protein
is responsible for passage and is also able to induce neuroinflammation.
The S1 proteins from the viral variants of concern differ in their rates of
uptake by brain and peripheral tissues with the delta and omicron var-
iants showing the most robust uptake by brain. Sex, age, and obesity
have minimal effects on S1-induced neuroinflammation, but the SAMP8
phenotype is associated with a robust S1-induced neuroinflammation,
likely due to its age-related increases in APP/amyloid beta peptide
expression. These results taken together support the concept that SARS-
CoV-2 once within the CNS can induce neuroinflammation, even in the
absence of productive infection, and that this neuroinflammation could
explain associated CNS symptoms including cognitive impairments.
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