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Neuroinflammation and COVID-19
Abigail Vanderheiden'* and Robyn S. Klein">%*

Abstract

Coronavirus disease 2019 (COVID-19) has caused a historic
pandemic of respiratory disease. COVID-19 also causes acute
and post-acute neurological symptoms, which range from mild,
such as headaches, to severe, including hemorrhages. Current
evidence suggests that there is no widespread infection of the
central nervous system (CNS) by SARS-CoV-2, thus what is
causing COVID-19 neurological disease? Here, we review
potential immunological mechanisms driving neurological dis-
ease in COVID-19 patients. We begin by discussing the im-
plications of imbalanced peripheral immunity on CNS function.
Next, we examine the evidence for dysregulation of the blood-
brain barrier during SARS-CoV-2 infection. Last, we discuss
the role myeloid cells may play in promoting COVID-19
neurological disease. Combined, we highlight the role of innate
immunity in COVID-19 neuroinflammation and suggest areas
for future research.
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Introduction

The severe acute respiratory syndrome coronavirus
(SARS-CoV)-2 is associated with neurologic impair-
ments during acute infection and after recovery
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(reviewed in Klein, 2022 [1]). Common acute symptoms
include headache, anosmia, and dysgeusia. Less
commonly, patients present with hallucinations, de-
lusions, and behavioral changes, while meningitis, en-
cephalitis, inflammatory demyelination, coagulopathy
with infarction, cerebrovascular disease, and acute
hemorrhagic necrotizing encephalopathy are rare pre-
sentations of acute coronavirus disease 2019 (COVID-
19). Common acute neurological symptoms may persist
for weeks to years after recovery from the initial infec-
tion [2]. Additional post-acute sequela of SARS-CoV-2
infection (PASC) that occur even in patients with
mild COVID-19 include fatigue, confusion, dysex-
ecutive function, and memory impairments that worsen
over time [3]. The neuropathogenesis of SARS-CoV-2-
mediated neurologic disease is unclear, especially
regarding direct vs. indirect effects of the virus itself.

SARS-CoV-2 has a linear, positive-sense, single-stranded
RNA genome encoding four structural proteins, known
as the spike (S), envelope, membrane, and nucleocapsid
(N) proteins. SARS-CoV-2 S protein mediates binding
to the receptor angiotensin-converting enzyme 2
(ACE2). During binding, host serine proteases,
including transmembrane serine protease (TMPRSS)?2,
promote membrane fusion via proteolysis of the S pro-
tein into the subunits S1 and S2, allowing entry of the
virus into the cytosol (reviewed in Jackson et al., 2022
[4]). ACE2 is expressed by cells in many organs and
tissues, including the lungs, gastrointestinal tract, kid-
neys, heart, adipose, and gonads, consistent with the
clinical presentation of COVID-19 as multi-organ in-
fectious disease [5]. ACE2 has also been detected in
brain endothelial cells, the choroid plexus, and the
ventral posterior nucleus of the thalamus, albeit in very
low levels [6,7]. TMPRSS2 is not expressed by cells of
the CNS. However, neuropilin-1, which is expressed in
the brain, is a membrane-bound coreceptor to a tyrosine
kinase receptor for both vascular endothelial growth
factor (VEGF) and semaphorin family members, and it
may serve as a host factor for SARS-CoV-2 infection [8].
Despite this, there are limited data supporting neuro-
invasive routes for SARS-CoV-2 and lack of evidence for
productive infection of the CNS parenchyma (reviewed
in Klein, 2022). Emerging evidence suggests that SARS-
CoV-2-mediates dysregulation of innate immune re-
sponses, leading to a cytokine release syndrome (CRS)
with hyper-elevation of pro-inflammatory cytokines,
including interleukin(IL)-1B, IL-6, and tumor necrosis
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2 Crosstalk between neural and immune systems

factor (TNF), as well as a delayed or muted type 1
interferon (IFN) responses [9—11]. Excess IL.-6 and IL-
1B, with simultaneous subdued type I IFN Ilevels, are
positively correlated with disease severity and could
drive neurological effects and alter the blood-brain
barrier (BBB) [12—15]. This review will provide a
detailed discussion of peripheral and neuroimmune re-
sponses that contribute to BBB instability and neuro-
inflammation in the setting of acute and post-acute
COVID-19.

Dysregulated peripheral immunity and
implications for the CNS

Cytokine imbalance during COVID-19

Serum cytokines induced by systemic inflammation can
impact BBB function (as reviewed in Galea, 2021); thus,
CRS observed in severe COVID-19 patients could
contribute to BBB disruption and the initiation of
neurological disease. The BBB includes the specializa-
tions of CNS endothelial cells that occur at capillaries
and post-capillary venules, including tight and adherens
junctions, restricted entry of cells, solutes, and mole-
cules, reduced transcytosis ability, and associated peri-
cytes and astrocytes that maintain and participate in
barrier function (reviewed in Klein et al., 2019 [17]).
Junctional integrity is regulated by the activation of
nucleotide guanosine triphosphate (GTP) family mem-
bers via hydrolysis to guanosine diphosphate (GDP) that
alters cytoskeletal structures. Studies in animal models of
viral infections indicate that cytokines differentially
activate G'T'Pases, leading to increased or decreased BBB
integrity [18]. Type I IFNs promote BBB integrity
through direct action on endothelial cells or indirect
signaling through astrocytes, which then promotes barrier
function specifically in the hindbrain [18,19]. In contrast,
pro-inflammatory cytokines such as I1.-6 or IL-1f disrupt
the BBB via the disruption of GTPases in the endothelial
cells [18,20,21]. This suggests that elevated I1.-6 and IL.-
1B combined with muted type I IFN levels observed in
COVID-19 patients may be uniquely poised to promote
BBB disruption. In addition to effects on the BBB, serum
cytokines may directly impact neuronal functions.
Recent work found serum CCL11 levels were positively
correlated with post-acute cognitive deficits in COVID-
19 patients, and that in a mouse model, the injection of
CCL11 was sufficient to impair the generation of new
neurons in the hippocampus [22]. Understanding the
serum cytokines associated with cognitive impairment
will be an important step in identifying biomarkers for
patients at risk of PASC.

Pro-inflammatory cytokines are also key mediators of both
sickness behaviors and post-acute CNS function. Current
evidence suggests that SARS-CoV-2 infection may pro-
mote pro-inflammatory cytokine release in the CNS, as
the analysis of cerebrospinal fluid (CSF) from COVID-19
patients with neurological symptoms found elevated

levels of IL-1B, TNF-a, IL-8, I1L-6, IL.-15, MCP-1, and
MIP-1f [23,24]. Even during mild SARS-CoV-2 infection
in a mouse model, inflammatory cytokines (IL.-6, CXCLS5,
and CCL11) were elevated at acute and post-acute
timepoints in the CSF [22]. This could directly impact
CNS function as many of these cytokines are known to
target various neural cell types. For example, IL-1P targets
neural stem cells to reduce adult neurogenesis, which is
required for certain forms of learning and memory, as well
as neurons and astrocytes, leading to glutamate excito-
toxicity [25,26]. Of note, COVID-19 patients exhibited
elevated CSF cytokine levels despite the lack of detection
of CSF SARS-CoV-2 RNA [23,27]. The source of CSF pro-
inflammatory cytokines during COVID-19 and their long-
term implications are pressing questions for future
studies.

Peripheral immune cells and the CNS during COVID-
19

Expansion of pro-inflammatory monocytes during
COVID-19 is necessary for viral control but also helps
drive immunopathology, and the persistence of these
monocytes is correlated with the development of PASC
[28—33]. Recent work has demonstrated that mono-
cytes are susceptible to abortive infection by SARS-
CoV-2, which causes inflammasome activation and
pyroptotic cell death, thus promoting immunopathology
[34]. Pro-inflammatory monocytes are not found in sig-
nificant numbers in the homeostatic CNS; however,
they can infiltrate across the BBB under inflammatory
conditions. The analysis of border regions in post-
mortem COVID-19 patients identified increases in
activated (CD68+) monocytes/macrophages and peri-
vascular macrophages [35,36]. Additionally, in a hamster
model, SARS-CoV-2 infection increased parenchymal
CD68+ IBA-1+ cells, which are either infiltrating
monocytes/macrophages or activated microglia [37].
Infiltration of pro-inflammatory, classical monocytes into
the CNS during acute injury often exacerbates neuro-
inflammation, and entry of infected monocytes into the
CNS could promote pathology, as pyroptotic cell death
is highly inflammatory and would release non-infectious
viral RNA into the brain parenchyma [34]. However,
differentiation of monocytes into non-classical, wound-
healing myeloid cells can promote the resolution of
inflammation and is beneficial after sterile injury of the
CNS [38]. Thus, myeloid cells in the CNS during
COVID-19 could be playing dual roles in the initiation
and resolution of inflammation. Further studies are
needed to confirm these findings and dissect the
mechanisms of myeloid cell CNS recruitment, location,
and impact on brain function.

Adaptive immune cells have come under scrutiny for
their potential role in promoting PASC due to the long
lifespan of memory B and T cells, and indeed, elevated
levels of cytotoxic T cells in the serum and lung are
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correlated with the development of gastrointestinal and
respiratory PASC [33,39]. The recruitment and impact
of T cells into the CNS during COVID-19 is less clear.
Immunohistochemical analyses of post-mortem tissue
found small increases in CD3+ T cells in the brain pa-
renchyma, while RNA-sequencing and mass cytometry
analyses identified a moderate increase in both cytotoxic
CD8+ and helper CD4+ T'cell frequencies [36,40—43].
T cells in the CNS of COVID-19 patients were
activated based on increased expression of markers of
exhaustion (programmed cell death protein 1 and T cell
immunoglobulin and mucin domain-containing protein
3), cytotoxic granules (granzyme B), and recently un-
dergone proliferation [36]. To date, there is very little
evidence examining the role of B cells in the CNS
during SARS-CoV-2 infection. Mass cytometry analysis
found a minor increase in B cell numbers in the brain
parenchyma and analysis of the CSF from COVID-19
patients found elevated IgG levels, some of which
were autoantibodies against CNS epitopes [36,44,45].
Together, these data find some evidence for a role of
adaptive immunity in neurological PASC; however,
further studies are needed to clearly define if T'and B
cells enter the CNS after SARS-CoV-2 infection.

The blood-brain barrier during COVID-19

One clear finding that has emerged is evidence of cere-
bral vascular dysfunction during COVID-19 neurological
disease. Studies of post-mortem CNS tissues derived
from >80 COVID-19 patients confirmed that hemor-
rhages and ischemia were a common feature of CNS
pathology [40—42]. Imaging studies on patients recov-
ering from COVID-19 also identified abnormalities in
cerebral blood flow and frontoparietal hypometabolism,
suggesting BBB disruption [40,47]. SARS-CoV-2 infec-
tion of Syrian Golden Hamsters confirmed arterial level
dysfunction, as well as venous/capillary level dysfunction,
as demonstrated by an Evans Blue dye assay indicating
increased BBB permeability after infection [37].
"Together, these data identify BBB disruption as a hall-
mark of COVID-19-mediated neurologic disease.

One of the most pressing questions about COVID-19
and the BBB is whether SARS-CoV-2 can directly
infect brain endothelial cells. Evidence for mn wvivo
infection of the brain parenchyma is lacking; however,
the detection of SARS-CoV-2 RNA was observed in
perivascular spaces or in some endothelial cells of the
vasculature, which suggests either breakdown of the
BBB allowing virus in the blood to enter or direct
infection of the endothelium [36,42]. Iz vitro human-
induced pluripotent stem cell-derived brain capillary
endothelial cells and hamster brain microvascular
endothelial cell (BMEC) models can be productively
infected with SARS-CoV-2 [37,48]. In contrast, # vitro
BBB models using human cerebral endothelial cells
grown on a membrane over pericytes reported extremely
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low levels of apical virus and no detectable basolateral
virus [49]. Analysis of SARS-CoV-2 infection of a variety
of primary human endothelial cells, including those
derived from brain, reported that infection was only
possible if ACE-2 was overexpressed [50]. Combined,
these data find conflicting evidence for SARS-CoV-2
infection of endothelial cells, and the lack of evidence
for robust infection # vivo suggests that if infection
occurs, it is likely a rare event.

Although SARS-CoV-2 may not productively infect the
BBB endothelium, several studies have reported direct
effects of the S protein on BBB function. To determine
if S impacts the BBB, Rhea et al. administered radio-
labeled S1 to outbred mice and measured S1 accumu-
lation within the brain parenchyma via regression
analysis of radioactivity in the blood vs. the brain. They
found that intranasal or intravenously delivered S1 can
cross the BBB via adsorptive transcytosis in an ACE-2-
dependent manner [51]. This interaction may disrupt
the BBB, as the addition of S protein to  virro BBB
models resulted in a decrease of trans-endothelial
electrical resistance [37,52]. However, tight-junction
protein expression did not change in response to S
protein, suggesting intracellular signaling mechanisms
of disruption [37,49]. SARS-CoV-2 also induces endo-
thelial cell activation, as the administration of S or N
proteins to z vitro cultures initiated NFkB signaling that
upregulated inflammatory cytokines, including IL-6,
TNE IL-1B, and adhesion molecules, such as intercel-
lular cell adhesion molecule (ICAM)-1 and vascular cell
adhesion molecule (VCAM)-1 [37,52,53]. This phe-
nomenon was unique to SARS-CoV-2 and did not occur
after exposure to SARS-CoV-1, MERS-CoV, or HKU.1
[52,53]). In vivo evidence for S protein interaction with
the BBB is lacking; however, Nanostring technology was
able to identify increased expression of antiviral (inter-
feron-induced transmembrane protein (IFITM) 1 and
2) and antigen presentation genes (B2M, HLA-B) on
blood vessels in the brains of COVID-19 patients [48].
Thus, the BBB endothelium is altered after COVID-19;
however, further experiments are needed to determine
if this is due to exposure to S protein.

Metabolic dysfunction or apoptosis of BMECs may also
play a role in BBB disruption during COVID-19. String
vessels are collapsed blood vessels no longer capable of
blood flow and are associated with vascular dysfunction
during neurodegenerative diseases. Analysis of post-
mortem COVID-19 brain tissue identified increased
string vessel formation and vessel apoptosis [54]. Inves-
tigation using an z vitro endothelial cell line and intra-
venous delivery to mice of an adenoviral vector identified
SARS-CoV-2 main protease (Mpro), as a potential
inducer of string vessel formation. Mechanistically, the
addition of Mpro to endothelial cells degraded the NFkB
modulator, Nemo, which induced a receptor-interacting
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serine/threonine kinase 3 (RIPK3)-dependent apoptotic
pathway [54]. The addition of S protein to i vitro
endothelial cells did not cause changes in viability, but it
did induce morphological alterations toward a contractile
state, which is a sign of cell stress, and it inhibited
mitochondrial function in a pericyte cell line [55,56].
While it is still unclear if Mpro or S directly impacts the
BBB iz vivo, SARS-CoV-2 viremia during acute infection
was found to be a strong predictor of post-acute memory
deficits [39]. Together, these data demonstrate a link
between SARS-CoV-2 viral proteins and disruption of
endothelial cell or pericyte function and highlight a need
to better define these interactions using more complete
in vitro BBB models or 2 vivo systems.

CNS resident immunity and SARS-CoV-2
Microglial activation during COVID-19

Microglia are yolk-sac-derived CNS-resident myeloid
cells that play essential roles in homeostasis and
immune responses to injury or infection. One common
finding in analyses of post-mortem brain tissue from
COVID-19 patients is the presence of activated,
parenchymal myeloid cells, as identified by increased
numbers of CD68+ or IBA-1+ cells, both of which are
markers for myeloid cells engaged in phagocytosis
[35,42,43,56,57]. Single nucleus RNA-sequencing an-
alyses of the CNS confirmed that SARS-CoV-2 infec-
tion alters the microglial transcriptome, with ~178
differently expressed genes (DEGs) between COVID-
19 patients and healthy controls [57]. Many of these
top DEGs were related to innate immune signaling,
such as interferon regulatory factor 8 (IRF8) and
complement protein C1QC, or cell stress pathways,
such as ATF5, which regulates transcriptional re-
sponses to stress, and RIPK1, which promotes cell
death [43,57]. High-dimensional spatial profiling of
post-mortem brain tissue from COVID-19 patients also
identified significant increases in the number of
activated microglial nodules [36]. Together, these data
demonstrate the presence of activated microglia in
humans after SARS-CoV-2 infection.

Microglia are potent pathogen sensing and antigen pre-
sentation cells. During a typical neurotropic viral infec-
tion microglia sense virus via pattern recognition
receptors (PRRs), which detect molecular patterns
unique to viral RNA and initiate the secretion of in-
flammatory cytokines. However, SARS-CoV-2 may not
productively infect the CNS, thus posing the question:
what is causing microglial activation during COVID-19? S
protein can activate the transmembrane PRR, TLR4, and
since S1 may cross the BBB, microglial sensing of S1,
even in the absence of replication, could trigger inflam-
mation [58]. Direct injection of S1 into the meninges of
rats led to increased and sustained expression of mole-
cules involved in antigen presentation, such as major
histocompatibility complex (MHC) II and CD11b, as

well as inflammasome signaling, a pathway in which a
PRR initiates cleavage of pro-IL.-1B into the active,
secreted form of the cytokine, in the hippocampus, hy-
pothalamus, and frontal cortex [59]. The addition of S
protein to human microglia 7 vitro also induced cytokine
production and metabolic changes [60]. These data
suggest that any S1 that crosses the BBB during COVID-
19 could cause a sustained microglial inflammatory
response. Microglial activation can also occur in response
to danger-associated molecular patterns (DAMPs), such
as extracellular ATP or reactive oxygen species release
[61]. Studies of ischemic stroke have found that sterile
disruption of the BBB results in the release of DAMPs
that lead to the rapid activation of microglia [62]. Thus,
microglial activation during COVID-19 could be due to
either release of DAMPs after disruption of the BBB and/
or the detection of S1 that has crossed the BBB.

Microglial activation is necessary to respond to CNS
insults; however, sustained activation can promote
pathogenic outcomes [63]. A key question is whether
microglial activation in COVID-19 patients promotes
disease. Little evidence is currently available, but one
study noted that cortical microglia from COVID-19 pa-
tients had a similar transcriptomic profile to “disease-
associated microglia” observed in neurodegenerative
disease [43]. Additionally, tissue regions with microglial
nodules had increased axonal damage as measured by
amyloid precursor protein deposits, which is a biomarker
used to identify persistent damage after traumatic brain
injury [36,64]. Microglial activation induced by injection
of S1 into the meninges of rats correlated with sickness
behavior, anxiety, and cognitive deficits [59,65]. A
mouse model of mild COVID-19 found that activated
microglia persisted for up to seven weeks after infection,
suggesting that microglia could be partly responsible for
neurological PASC [22]. However, detailed mechanistic
studies are needed to define how SARS-CoV-2-induced
microglial activation impacts patient outcomes.

Neurons and astrocytes

The role of other CNS resident cells that can participate
in immune responses, including neurons and astrocytes,
during COVID-19 has been poorly defined. The analysis
of longitudinal blood samples from COVID-19 patients
identified increased concentrations of neurofilament
light chain, a marker of neurodegeneration, and glial
fibrillary acidic protein, a marker of glial activation,
during the acute phase of disease [66]. Single nucleus
RNA-sequencing of cortices from deceased COVID-19
patients found evidence of decreased synaptic activity
in excitatory neurons, via downregulation of genes-
mediating neurotransmission such as VAMP2 and
SNAP25 [43]. Histopathological analyses of SARS-CoV-2
infected primates identified evidence of neuronal death
[67]. Two publications demonstrated that rodent models
of acute COVID-19 exhibit decreased neurogenesis in
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the dentate gyrus region of the hippocampus and a loss
of myelination in subcortical white matter tracts, with
the former study confirming the loss of neurogenesis
in humans [22,68]. Multiple post-mortem studies of
human and primate tissue noted increased GFAP stain-
ing, but more data are needed to understand alterations
in astrocyte function and the sources of astrocyte acti-
vation [41,42]. 'Together, these data suggest that
neuronal function may be altered after SARS-CoV-2
infection, but many more studies are needed to
confirm and extend upon these findings, such as micro-
scopy analyses of synapse formation, neurogenesis, and
glial activation in humans.

Conclusions and implications

Research into COVID-19-associated neurological dis-
ease is still in its infancy; however, a few key conclusions
can be made. First, cognitive deficits are relatively
common during acute infection and in PASC, despite a
lack of evidence for productive infection of the CNS.
Second, SARS-CoV-2 infection disrupts the BBB and
induces endothelial cell activation. Last, COVID-19
patients have increased numbers of activated myeloid
cells within the brain parenchyma. The significant
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research effort is needed to understand how these
events are linked, the mechanisms that induce BBB and
CNS dysfunction after SARS-CoV-2, and their long-
term impact. However, we can speculate based on
other models of CNS disease that even in the absence of
productive infection of the CNS, viremia could result in
the delivery of viral particles or S1 protein to the BBB.
Combined with the systemic cytokine imbalances
observed during acute COVID-19, this could initiate
endothelial innate immune responses and BBB disrup-
tion. Even transient disruption of the BBB can result in
neuroinflammation and microglial activation due to the
leakage of viral PAMPs into the parenchyma or direct
release of DAMPs by injured endothelial cells (See
Figure 1). Microgliosis can promote cognitive deficits, as
shown in other viral infections, where activated micro-
glia engulf synapses in a complement protein (Clq)-
dependent manner, driving memory deficits [63]. Un-
derstanding the mechanisms behind COVID-19-medi-
ated neurological disease is a pressing matter for the
scientific community, as current data estimates that
30—60% of individuals infected with SARS-CoV-2
develop at least one post-acute symptom. As over 500
million people are already infected, and a the continuing

Figure 1
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Model of hypothesis for mechanisms of neuroinflammation during COVID-19. SARS-CoV-2 infection of the respiratory tract results in the release of pro-
inflammatory cytokines (IL-1B, IL-6, and TNF) into the serum. Cytokines, such as IL-18, can bind to receptors (IL-1R1) expressed by brain microvascular
endothelial cells (BMECs) and promote loss of tight junction proteins in other viral models [18]. Some COVID-19 patients develop viremia, and SARS-
CoV-2 or S1 protein in the serum can bind to ACE-2 expressed by BMECs and transcytoses into the brain parenchyma [51,52]. S1 binding on BMECs in
combination with IL-1R1-induced signaling could promote barrier disruption and upregulation of adhesion molecules. Barrier disruption results in the
release of danger-associated molecular proteins, such as ATP, which can bind to receptors, such as P2RY 12, on microglia and promote activation. S1 that
crosses the barrier can bind to TLR4 and promote microglial activation, indicated by increased phagocytosis (CD68) and antigen presentation capability
(MHC-II) [58]. Increased transcellular permeability observed in in vitro models after S1 treatment could also promote the entry of inflammatory myeloid
cells [37,51,52]. Together activated microglial and infiltrating myeloid cells could promote neuronal injury. Black arrows indicate known processes
described in the literature, whereas red arrows promote hypothesized processes during COVID-19.
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high rate of infection, understanding the mechanisms
behind COVID-19-induced neurological disease is a
public health emergency.
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