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Abstract

Neurological symptoms are frequently reported in patients suffering from COVID-19.
Common CNS-related symptoms include anosmia, caused by viral interaction with
either neurons or supporting cells in nasal olfactory tissues. Diffuse encephalopathy
is the most common sign of CNS dysfunction, which likely results from the CNS con-
sequences of the systemic inflammatory syndrome associated with severe COVID-19.
Additionally, microvascular injuries and thromboembolic events likely contribute to
the neurologic impact of acute COVID-19. These observations are supported by evi-
dence of CNS immune activation in cerebrospinal fluid (CSF) and in autopsy tissue,
along with the detection of microvascular injuries in both pathological and neuroim-
aging studies. The frequent occurrence of thromboembolic events in patients with
COVID-19 has generated different hypotheses, among which viral interaction with
perivascular cells is particularly attractive, yet unproven. A distinguishing feature of
CSF findings in SARS-CoV-2 infection is that clinical signs characteristic of neuro-
tropic viral infections (CSF pleocytosis and blood-brain barrier injury) are mild or ab-
sent. Moreover, virus detection in CSF is rare and often of uncertain significance.
In this review, we provide an overview of the neurological impact that occurs in the
acute phase of COVID-19, and the role of CSF biomarkers in the clinical manage-

ment and research to better treat and understand the disease. In addition to aiding
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from COVID-19.
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1 | INTRODUCTION

It has become increasingly apparent that neurological symptoms
are common in patients suffering from coronavirus disease 2019
(COVID-19), during acute infection as well as long-term. Infection
with the novel severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2) (Helms et al., 2020; Mao et al., 2020; Wu et al., 2020)
can lead to a wide spectrum of neurologic manifestations (or “neuro-
COVID") including headache, anosmia, encephalopathy, encephali-
tis, cerebrovascular manifestations including stroke, and peripheral
neurological manifestations including Guillain-Barré syndrome (GBS)
(Ellul et al., 2020; Zubair et al., 2020). Psychiatric manifestations and
long-term post-infectious manifestations including anxiety and fa-
tigue are also increasingly recognized as possible infectious compli-
cations (Carfi et al., 2020; Mazza et al., 2021; Halpin et al., 2020;
Varatharaj et al., 2020). The mechanisms contributing to neurolog-
ical symptoms are still not fully understood, but likely include toxic
or metabolic complications to respiratory and/or systemic disease,
as well as consequences of the anti-SARS-CoV-2 immune response
including the cytokine release syndrome (CRS) and excessive im-
mune activation (Vabret et al., 2020). It is not clear to what extent
direct viral invasion of the brain can occur, and whether active CNS
infection contributes to neuro-COVID. However, evidence from ce-
rebrospinal fluid (CSF) analyses clearly indicate that neuro-COVID
differs from many other CNS infections in several key aspects. In
CSF analyses of patients with COVID-19, viral RNA detection is al-
most uniformly negative or ambiguous. Moreover, CSF pleocytosis,
impaired blood-brain barrier (BBB) integrity, or intrathecal humoral
responses commonly found in other CNS infections are often ab-
sent or only mildly abnormal (Eden et al., 2021; Meppiel et al., 2021;
Virhammar et al., 2020). Despite apparent lack of overt infectious
signs in the CSF of many patients, increased concentrations of
markers of immune activation as well as neuronal injury have been
described in several studies, indicating the importance as well as a
potential consequence of the inflammatory response to SARS-CoV-2
during acute infection, and potentially for the long-term pathogene-
sis of neuro-COVID (Eden et al., 2021; Kanberg et al., 2020; Pilotto
et al., 2021; Virhammar, Naas, et al., 2020).

Several mechanisms may contribute to some or all aspects of
neuro-COVID and SARS-CoV-2 neuropathogenesis. These include
(1) direct viral interaction with neuronal and supportive cells primar-
ily in the olfactory mucosa; (2) indirect consequences of the systemic
immune response leading to activation of CNS-resident immune

as diagnostic and prognostic tools during acute infection, the use of comprehensive
and well-characterized CSF and blood biomarkers will be vital in understanding the

potential impact on the CNS in the rapidly increasing number of individuals recovering

biomarker, central nervous system, cerebrospinal fluid, COVID-19, SARS-CoV-2

cells; (3) viral interaction with cells of the vasculature including peri-
cytes and/or endothelial cells; or (4) others. Likely, different combi-
nations of these mechanisms could contribute simultaneously to the
clinical disease manifestations of individual patients.

The CSF compartment surrounds the CNS, and CSF sampling has
proven to be a very valuable tool for diagnosing, monitoring, and
characterizing other CNS infections as well as non-infectious neu-
rological diseases. In this narrative review, we describe the current
understanding of the neurochemical diagnosis of neurological man-
ifestations of COVID-19 and SARS-CoV-2 neuropathogenesis, with
a special focus on CSF evidence of direct viral infection of the CNS,
CNS inflammatory and immunological responses to SARS-CoV-2 in-
fection, and biomarker signs of neuronal injury. Moreover, we eval-
uate the potential usefulness of CSF and blood biomarkers in both
understanding CNS pathogenesis and establishing a diagnosis of CNS
infection. A better understanding of the underlying pathogenetic
mechanisms in neuro-COVID is vital and has important implications
when considering future CNS-targeted treatment interventions. We
propose that the use of comprehensive and well-established CSF
and plasma biomarkers, complemented by exploratory approaches,
is essential in that regard. Moreover, CSF and plasma biomarkers will
likely play an important role in the clinical evaluation of patients suf-
fering from neuro-COVID both during the acute phase of infection

and for the management of long-term sequelae.

2 | SEARCH STRATEGY AND SELECTION
CRITERIA

References were identified by PubMed searches for studies pub-
lished up to January 2021 using combinations of the search terms
SARS-CoV-2, COVID-19, cerebrospinal fluid, central nervous sys-
tem, biomarker. English language articles, including references from
relevant articles, were included based on relevance to the subject

of this review.

3 | THE CLINICAL SPECTRUM OF
NEUROLOGIC MANIFESTATIONS IN
COVID-19

Since the beginning of the pandemic, a variety of symptoms and
signs attributable to CNS involvement have been described in
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COVID-19 patients, and early reports of CNS manifestations dur-
ing the SARS-CoV-2 pandemic have been comprehensively reviewed
by others (Ellul et al., 2020; Zubair et al., 2020). The most common
symptoms attributable to CNS involvement include headache, anos-
mia, and dysgeusia, which are common in mild as well as severe dis-
eases (Gupta et al., 2020; Lechien et al., 2020; Liotta et al., 2020;
Mao et al., 2020). Additional neurological manifestations have been
tentatively categorized according to the probable underlying mecha-
nisms and include unspecific or toxic/metabolic encephalopathies,
inflammatory CNS disorders including encephalitis and acute dis-
seminated encephalomyelitis (ADEM), vascular injuries (ischemic
stroke and others), and peripheral neurological disorders includ-
ing Guillain-Barré Syndrome (GBS) (Paterson et al., 2020). The fre-
quency of CNS manifestations varies greatly in different reports,
ranging from <10% up to over 80% depending on study design,
symptom definition, and inclusion criteria (Frontera et al., 2021;
Liotta et al., 2020; Mao et al., 2020; Meppiel et al., 2021; Romero-
Sanchez et al., 2020; Toklu et al., 2020).

Anosmia and dysgeusia are common symptoms in mild as well
as more severe COVID-19. Reported frequencies vary widely from
around 10% to as high as 88% in different studies (Gerkin et al., 2021;
Giacomelli et al., 2020; Lechien et al., 2020; Liotta et al., 2020).
Anosmia is likely a result of viral interaction with non-neuronal cells
of the mucosal surfaces in the olfactory epithelium and olfactory
bulb, but may not be an immediate consequence of direct infection
of neuronal cells (Brann et al., 2020; Fodoulian et al., 2020).

Headache is a common feature of COVID-19 and can be quite se-
vere and sometimes persistent (Igbal et al., 2021; Mao et al., 2020).
Although headache is common in the acute phase of many viral
infections and can likely often be attributed to host inflammatory
responses, increased CSF opening pressure indicating intracra-
nial hypertension has been noted in patients with COVID-19 with
headache without concurrent signs of meningitis or encephalitis
(Espindola et al., 2020; Silva et al., 2020). Posterior reversible en-
cephalopathy syndrome (PRES) has also been described in patients
with headaches and other neurological symptoms during severe
COVID-19 (Lallana et al., 2021). Although not a common finding,
central venous thrombosis (CVT) has been described in patients
with COVID-19 (Guendouz et al., 2021). While the specific under-
lying mechanisms related to headache in SARS-CoV-2 infection are
not yet clear, it is possible that the endothelial dysfunction and co-
agulopathy induced by SARS-CoV-2 infection may contribute to al-
terations in venous outflow or CSF absorption leading to intracranial
hypertension in some patients.

The most prevalent sign of CNS dysfunction is new-onset en-
cephalopathy (including altered consciousness or confusion, changes
in personality or behavior, and sometimes seizures), reported in 7 to
38% of hospitalized patients (Fronteraetal., 2021; Helms et al., 2020;
Kremer et al., 2020; Liotta et al., 2020; Mao et al., 2020; Meppiel
et al., 2021; Romero-Sanchez et al., 2020; Varatharaj et al., 2020).
In patients with COVID-19, encephalopathy is generally not accom-
panied by CSF pleocytosis or magnetic resonance imaging (MRI) ab-
normalities and appears to be mostly reversible in many cases (Eden
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et al., 2021; Espindola et al., 2020; Kremer et al., 2020; Meppiel
et al,, 2021; Neumann et al., 2020; Paterson et al., 2020). However,
encephalopathy was associated with worse functional outcomes in
one report (Liotta et al., 2020), and neurological manifestations, in
general, have been associated with increased in-hospital mortality
and decreased likelihood of discharge home or higher level of dis-
ability at discharge (Frontera et al., 2021; Mao et al., 2020; Pilotto
et al., 2020).

Encephalitis, usually defined by the presence of CSF pleocytosis
and/or MRI abnormalities or electroencephalography (EEG) alter-
ations, is often accompanied by elevated CSF protein and signs of in-
trathecal IgG production. Encephalitis is reported in lower frequency
than encephalopathy and predominately in individuals with severe
COVID-19 (Espindola et al., 2020; Kandemirli et al., 2020; Kremer
et al., 2020; Meppiel et al.,, 2021; Paterson et al., 2020; Pilotto
et al.,, 2021; Romero-Sanchez et al., 2020). In addition, other inflam-
matory or auto-immune neurological syndromes including acute
myelitis, ADEM, and acute hemorrhagic necrotizing encephalitis
have been described during, or in close proximity to, infection with
SARS-CoV-2 (Espindola et al., 2020; Kandemirli et al., 2020; Kremer
et al., 2020; Meppiel et al., 2021; Neumann et al., 2020; Paterson
et al., 2020; Pilotto et al., 2021, 2021; Poyiadji et al., 2020; Romero-
Sanchez et al., 2020; Virhammar, Naas, et al., 2020). Although ADEM
was previously known primarily as a post-infectious complication
in children (Pohl et al., 2016), during the current SARS-CoV-2 pan-
demic, most cases have been described in adults.

The frequency and incidence of vascular complications and
ischemic stroke vary greatly in different reports (Liotta et al., 2020;
Varatharaj et al., 2020; Yaghi et al., 2020). Observational data sug-
gest an increased incidence of cerebrovascular events and possibly a
higher prevalence of large-vessel stroke in patients with COVID-19
(Beyrouti et al., 2020; Meppiel et al., 2021; Oxley et al., 2020;
Pilotto, Benussi, et al., 2020). The pro-thrombotic state generated
by inflammatory responses initiated via viral interaction with the
perivascular cells likely contributes to the increased risk of throm-
boembolic events in patients infected by SARS-CoV-2 (Beyrouti
et al., 2020; Ellul et al., 2020; Poillon et al., 2020; Tang et al., 2020;
Varga et al., 2020). In addition to evidence of concurrent throm-
boembolism (pulmonary embolism, deep venous thrombosis), pre-
existing risk factors or comorbidities are often present in patients
with cerebrovascular complications during COVID-19 (Beyrouti
et al., 2020; Meppiel et al., 2021; Paterson et al., 2020). Cerebral
microbleeds and other microvascular complications have also been
noted in patients with COVID-19 and maybe a consequence of en-
dothelial dysfunction mediated by the interaction of the virus with
angiotensin-converting enzyme 2 (ACE2) receptors on perivascular
cells. (Lee et al., 2020; Meppiel et al., 2021; Paterson et al., 2020;
Saitta et al., 2020). According to recent reports, the cell-surface re-
ceptor for SARS-CoV-2, ACE-2, is expressed mainly on pericytes and
to a much lesser extent on endothelial cells (McCracken et al., 2021).
Additionally, pericytes express the cellular proteases cathepsin B/L
that are important cofactors mediating viral cleavage in infection
with SARS-CoV-2, suggesting that pericytes may be the principal
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target cells in viral interaction with the vasculature. It has been hy-
pothesized that a previously compromised endothelial barrier func-
tion, which is characteristic in hypertension, diabetes, and obesity,
may increase pericyte exposure and promote virus-pericyte interac-
tion. The resulting inflammatory response associated with vascular
infection may partly explain why these conditions are risk factors for
severe COVID-19 and may also contribute to the thromboembolic
events seen in predisposed individuals (He et al. 2020).
Guillain-Barré syndrome and other peripheral neuropathies
have been described in patients diagnosed with COVID-19 (Bellon
et al., 2020; Ellul et al., 2020; Espindola et al.,, 2020; Frontera
et al,, 2021; Neumann et al., 2020; Paterson et al., 2020; Varatharaj
et al., 2020; Zubair et al., 2020). GBS is an acute para- or post-
infectious syndrome of polyradiculopathy that can occur as an im-
munological complication to bacterial or viral infections (Wakerley
& Yuki, 2013; Wijdicks & Klein, 2017). Indications suggest that GBS
in COVID-19 usually presents within the first two weeks of disease
(Ellul et al., 2020; Toscano et al., 2020), indicating that there may be
an overlap between active SARS-CoV-2 infection and GBS onset that
suggests a more para-infectious rather than post-infectious syndrome
(Espindola et al., 2020). Typical CSF findings in GBS include increased
CSF/serum albumin ratio as a sign of blood-brain barrier opening
(Brettschneider et al., 2005), and increased CSF as well as plasma NfL
concentration as a sign of neuroaxonal injury (Altmann et al., 2020;
Axelsson et al., 2018; Martin-Aguilar et al., 2020); like in most cases of
COVID-19, CSF cell counts are typically normal (Korinthenberg, 2013).

4 | CSF AND PLASMA BIOMARKERS OF
CNS INFECTION, INFLAMMATION, AND
INJURY

CSF and plasma biomarkers that reflect different responses and
consequences of CNS disease have been shown to be useful for
evaluating CNS infections, as well as for providing valuable tools to
describe the pathogenesis of various viral and non-viral infections in
the CNS (Dittrich et al., 2020; Gisslen et al., 2007; Price et al., 2013).
In addition to detecting the invading pathogen, monitoring host
inflammatory responses and CNS injury can provide insights to
characterizing the magnitude, character, and impact of viral CNS in-
fections. Although available data are still limited, studies of CSF and
plasma biomarkers in COVID-19 have similar potential to provide
valuable insights regarding the character and pathogenesis of the

neurological manifestations in SARS-CoV-2 infection.

4.1 | Core clinical chemistry biomarkers of CNS
infection and inflammation

An important marker of CNS infection is the direct detection of the
invading pathogen itself, which in many situations provides a diagnosis
of the cause of infection, the typical case being Herpes virus encepha-
litis, where polymerase chain reaction is a highly sensitive and specific

diagnostic method (Lakeman & Whitley, 1995). However, the virus may
not always be present in the CSF at the time when clinical symptoms
and signs develop. In tick-borne encephalitis virus (TBEV) infection,
the virus is present in the CSF early in the infectious course but is usu-
ally no longer detectable when the following immune response leads
to clinical signs of encephalitis (Veje et al., 2018). Similarly, in influenza
virus encephalitis, viral RNA is rarely detected in CSF (Studahl, 2003).

Increased CSF white blood cell (WBC) count is a typical sign of
CNS infection. In response to an invading pathogen, leucocytes from
the peripheral circulation are recruited across the blood-brain bar-
rier (BBB) into the CSF compartment. Indeed, an elevated CSF white
blood cell count (WBC) is often used as the primary indicator of CNS
infection, although it is not a universal finding (Berger et al., 1998;
Williamson & Berger, 2017).

Although typically more prominent in acute bacterial meningitis,
impaired BBB integrity can be a component of all CNS infections. The
most established biomarker of BBB integrity is the CSF:serum albu-
min ratio (Blennow et al., 2010). More specifically, CSF albumin con-
centration is a reflection of the blood-CSF barrier function (including
capillary BBB, protein diffusion, and CSF flow rate), since albumin
originates exclusively from blood (Reiber & Peter, 2001). Impaired
BBB or blood-CSF barrier integrity is also a common finding in the
diagnostic workup of GBS, commonly without corresponding in-
creases in white blood cell count (Willison et al., 2016). Recently, sol-
uble platelet-derived growth factor receptor f (sSPDGFRp) has been
proposed as a new candidate biomarker of BBB function (Miners
et al., 2019; Nation et al., 2019; Sagare et al., 2015). sSPDGFR is
abundantly expressed in brain pericytes (Lindahl et al., 1997), a cell
type that also expresses ACE2 as well as the viral cofactor TMPRSS2
(a protease mediating S-protein cleavage), making pericytes a theo-
retical target for SARS-CoV-2 infection. In addition to the potential
impact on BBB integrity, infection of pericytes could potentiate other
neuroinflammatory processes, which may have special relevance to
the pathogenesis of neuro-COVID, similarly to what has been hy-
pothesized in systemic infection (Brann et al., 2020).

Intrathecal humoral immune responses can be measured using
the immunoglobulin G and M (IgG and IgM) serum/CSF indices
(Yilmaz et al., 2019). Moreover, oligoclonal bands can be present in
several infectious as well as other CNS disorders, as a sign of in-
creased intrathecal antibody production, and recent evidence sug-
gests that kappa free light chain index might be a more sensitive
measure (Presslauer et al., 2008; Susse et al., 2020). Additionally,
intrathecal detection of increased concentrations of pathogen-
specific antibodies provides the basis for diagnosis in infections
such as TBEV (Veje et al., 2018), West Nile viral encephalitis (Busch
et al., 2008), and Lyme neuroborreliosis (Tumani et al., 1995).

4.2 | Novel biomarkers of CNS
inflammation and injury

Soluble inflammatory markers in CSF or plasma can be used to
measure the CNS immune response to infections (Price et al., 2013).
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A variety of biomarkers have been studied more or less extensively
in viral and other CNS infections and interesting early findings
have recently also been reported in COVID-19. Among the more
well studied are YKL-40 (chitinase-3-like-protein), which is a gly-
coprotein expressed by many cell types, but abundantly in reactive
astrocytes (Bonneh-Barkay et al., 2010) and macrophages (Rehli
et al., 2003). While serum concentrations are increased in many pe-
ripheral inflammatory diseases (Johansen et al., 1999; Koutroubakis
et al.,, 2003), CSF concentrations rise in conditions where neu-
roinflammation is present, including HIV-associated dementia,
Alzheimer's disease, and multiple sclerosis (MS) (Malmestrom
et al., 2014), where it decreases in response to treatment. Another
established biomarker of predominantly astroglial origin is a glial
fibrillary acidic protein (GFAp) (Olsson et al., 2011; Zetterberg &
Blennow, 2016). GFAp increases rapidly both in plasma/serum and
CSF in response to acute brain injuries, such as in stroke (Katsanos
et al.,, 2017) and traumatic brain injury (TBI) (Laverse et al., 2020)
and can also be used as a marker of astrocyte activation (Zetterberg
et al.,, 2006; Neselius et al., 2012; McMahon et al., 2015; Cotto
et al,, 2019).

Microglial activation biomarkers include the proteolytically re-
leased soluble ectodomain of triggering receptor expressed on
myeloid cells 2 (sSTREM-2), and the cell surface peptide plays a vital
role in microglia signaling (Ulland & Colonna, 2018). However, CSF
sTREM-2 increases both in the early stages of AD as a response
to toxic amyloid-p species and in MS, where it normalizes after
treatment in the relapsing-remitting form of the disease (Ohrfelt
et al., 2016). Serum levels of STREM-2 have not yet been shown to
be of clinical use (Ashton et al., 2019).

Neopterin (6-(p-erythro-1', 2’, 3'-trihydroxypropyl)-pterin), a
well-established biomarker of cellular activation, is released from
monocytic cells, including macrophages and microglia, after stim-
ulation with IFN-y (Huber et al., 1984). When measured in CSF,
neopterin has been found to be both a sensitive and CNS-specific
immune activation marker in viral CNS infections (Fuchs et al.,
1991; Hagberg et al., 2010; Molero-Luis et al., 2020) as well as in
auto-immune disorders and cancer (Murr et al., 2002). IFN-y also
promotes degradation of tryptophan in the kynurenine pathway
that produces several neuroreactive metabolites, including quin-
olinic acid, that may contribute to neurologic disorders (Schwarcz
etal, 2012).

B2-microglobulin (2 M) is a component of the major histocom-
patibility complex (MHC) class | molecule and is also frequently al-
tered in CSF in neuroinflammatory diseases (Fuchs, Kramer et al.,
1991).

Many other biomarkers of innate and adaptive immune responses
have been investigated in the context of neuroinflammatory disease
and CNS infections. Due to the fact that most are abundantly ex-
pressed in peripheral tissues, CSF measurements of cytokines and
chemokines illuminating differential immune response patterns
have been extensively investigated (IL-6, IL-8, CXCL-13, IL-1, TNF-a
among others) (for review, see Kothur et al., 2016).

Neurochemistry

CSF and plasma biomarkers can also be used to detect CNS
injury. Neurofilament light chain protein (NfL) is a structural com-
ponent that is highly expressed in large-caliber subcortical axons.
CSF NfL is a sensitive and well-studied marker of axonal injury in
CNS infections as well as other non-infectious CNS diseases (Bridel
et al., 2019; Jessen Krut et al., 2014; Yilmaz et al., 2017; Zetterberg
& Blennow, 2016). In acute settings, plasma concentrations of NfL
normally increase (weeks to months) (Gendron et al., 2020), as well
as normalizes (months to a year) (Shahim et al., 2016) more slowly
than GFAp (Shahim et al., 2016). Serum and plasma concentrations
of NfL measured by single molecule array (Simoa) correlate strongly
with CSF NfL (Kuhle et al., 2016). NfL has been evaluated as a sen-
sitive and dynamic biomarker of CNS injury and treatment response
in neuro-HIV (Gisslen et al., 2016; Anderson et al. 2020), and many
other neurologic diseases (Kuhle et al., 2019; Olsson et al., 2019).
Additional injury markers including tau and S100B are also under
investigation in relation to CNS manifestations of COVID-19. Used
in combination with clinical signs, neuroimaging, and other methods,
we suggest that biomarkers such as the ones described here give
important information regarding the cause, mechanism, and conse-

quence of a CNS infection.

5 | EVIDENCE OF VIRAL CNS INFECTION

Despite the increasing number of reports describing neurologi-
cal symptoms and signs in patients with COVID-19, SARS-CoV-2
is rarely detected in CSF. In available studies reporting a total of
449 CSF samples from patients with neuro-COVID, viral RNA
was detected in only 12 (2.7%) (Alexopoulos et al. 2020; Andriuta
et al., 2020; Bellon et al., 2020; Bodro et al. 2020; Cao et al., 2020;
Eden et al., 2021; Espindola et al., 2020; Farhadian et al., 2020;
Franke et al., 2021; Frontera et al.,, 2021; Helms et al., 2020;
Kandemirli et al., 2020; Keller et al., 2020; Kremer et al., 2020;
Lersy et al., 2021; Meppiel et al., 2021; Miller et al., 2020; Moriguchi
et al., 2020; Neumann et al., 2020; Paterson et al., 2020; Remsik
et al. 2020; Romero-Sanchez et al.,, 2020; Saitta et al., 2020;
Virhammar, Naas, et al., 2020; Perrin et al., 2021; Pilotto et al., 2021;
Domingues et al., 2020). Furthermore, when viral RNA has been
detected, levels are either very low (Domingues et al., 2020; Lersy
etal., 2021; Moriguchi et al., 2020; Virhammar, Kumlien, et al., 2020),
or not reported (Espindola et al., 2020; Meppiel et al., 2021; Saitta
etal., 2020). One exception is a patient with CSF pleocytosis and MRI
abnormalities suggestive of encephalitis, who had an estimated 4.3
log10 viral RNA copies/mL in CSF (Lersy et al., 2021). Additionally,
the SARS-CoV-2 genome was detected and sequenced in the CSF
of one patient with suspected demyelinating disease (Domingues
et al., 2020). Most real-time PCR assays can reliably detect viral RNA
>100-500 copies/mL, roughly equivalent of cycle threshold (Ct) val-
ues <38. High Ct values >40 are usually considered negative and lev-
els >34 rarely represent meaningful disease when measured in the
respiratory tract (Tom & Mina, 2020). Additionally, at high Ct values,



EDEN ET AL.

il_wl LEY- Journal of

Neurochemistry

amplification of blood or lab contaminants or primer dimerization
can result in false-positive results, making interpretation unreliable.
In the absence of other signs of infection, such as CSF pleocytosis
or BBB/blood-CSF barrier damage, the significance of viral RNA at
very low levels in CSF is unclear, and likely does not in itself indicate
active infection or viral CNS invasion. Indeed, we recently reported
similar findings in six patients with moderate or severe COVID-19
with neurological symptoms, where 3/6 had detectable SARS-CoV-2
RNA in CSF (Ct>37) without accompanying CSF pleocytosis, 1gG-
synthesis, or BBB/blood-CSF barrier damage, and where all CSF
samples were SARS-CoV-2 RNA negative when retested using an-
other assay. Although lack of repeatability in viral detection may
have resulted from technical issues such as loss of material during
freezing and thawing of samples, nevertheless the very low levels, if
any, of virus detected may not be relevant or even indicate ongoing
CNS infection (Eden et al., 2021).

In contrast, most studies of neuro-COVID patients report fail-
ure to detect SARS-CoV-2 RNA in CSF (Helms et al., 2020; Kremer
et al., 2020; Espindola et al., 2020; Kandemirli et al., 2020; Farhadian
et al., 2020; Paterson et al., 2020; Remsik et al. 2020; Neumann
et al., 2020; Andriuta et al., 2020; Bellon et al., 2020; Bodro et al.
2020; Pilotto, Odolini, et al., 2020; Frontera et al., 2021; Romero-
Sanchez et al., 2020; Perrin et al., 2021; Cao et al., 2020; Franke
et al., 2021; Alexopoulos et al. 2020; Keller et al., 2020; Miller
et al., 2020; Pilotto et al., 2021; Eden et al., 2021). Accumulated
data now include patients across a wide spectrum of neurological
manifestations including several individuals with an increased CSF
white blood cell (WBC) count and/or neuroimaging abnormalities
indicating an inflammatory CNS syndrome. Most reports have used
RT gPCR methods for viral detection, a technique that has a high
degree of sensitivity in detecting viral genomes in CSF. In addition,
attempts of viral culture and antigen detection of viral S1 protein has
been unsuccessful (Remsik et al. 2020; Farhadian et al., 2020; Pilotto
etal.,, 2021). Thus, accumulating evidence suggests that SARS-CoV-2
is not present in the CSF compartment to any significant degree
when patients present with neurological symptoms. Notably, most
CSF samples reported on so far have been collected during the sec-
ondary inflammatory phase or in later stages of COVID-19, making
it difficult to rule out that virus could be present in CSF early during
the infectious process.

Autopsy studies have produced conflicting results regarding viral
invasion in the brain (Hanley et al., 2020; Jensen et al., 2020; Paniz-
Mondolfi et al., 2020; Skok et al., 2020). In a series of 18 patients with
documented neurologic symptoms ante-mortem, viral RNA detection
was equivocal, with low levels of SARS-CoV-2 RNA found in a minority
of specimens while immunohistochemistry did not reveal staining in
neurons, glia, endothelium, or immune cells. Samples did not show
encephalitis or other changes referable to viral infection (Solomon
et al., 2020). In a report on patients without specific neurological
symptoms, 9/11 cerebral samples were positive for SARS-CoV-2 RNA
but no signs of encephalitis were noted (Remmelink et al., 2020), while
another series of nine patients revealed extensive brain inflamma-

tion most pronounced in the olfactory bulb and medulla oblongata,

without immunohistochemical signs of SARS-CoV-2 infected cells in
brain tissue (Schurink et al., 2020). Similarly, multifocal microvascu-
lar injury and activation of perivascular microglia, macrophage infil-
tration, and hypertrophic astrocytes were described in 13 deceased
patients with COVID-19 using high-resolution MRI and histopatho-
logical examination. Although clinical information regarding neurolog-
ical manifestations was limited, no evidence of SARS-CoV-2 infection
was found using multiple PCR primer sets, sequencing, in situ hybrid-
ization, or immunostaining (Lee et al., 2020).

In a large cohort of 43 patients, Matschke and colleagues also de-
scribed pronounced neuroinflammatory changes most pronounced in
the brainstem and cerebellum with astrogliosis, glial activation, and in-
filtration of cytotoxic T lymphocytes seen in most subjects. Notably, a
history of neurological symptoms was not part of the study inclusion
criteria. Despite this, SARS-CoV-2 RNA could be detected in 21/40 ex-
amined patients, and viral proteins were detected in cranial nerves and
isolated cells in the brain stem indicating that SARS-CoV-2 can invade
the CNS to some extent. Interestingly, detection of viral RNA or positive
staining did not seem to correlate with the extent of neuropathological
changes, suggesting that other mechanisms play an important part in
CNS pathology rather than direct viral infection in the brain (Matschke
et al., 2020). In summary, no uniform pattern regarding the pathoge-
netic contribution of viral CNS invasion has been described so far. Viral
RNA detection in various brain tissues has been found without appar-
ent histopathological correlates of infection, while CNS inflammation
(notably in the olfactory bulb and brain stem) with microvascular injury
and microglial activation have been found without any evidence of ac-
tive infection by detection of viral particles or virus-infected cells.

The route of viral neuroinvasion has been proposed to occur at
the olfactory neural-mucosal interface. In a recent study including
33 patients, SARS-CoV-2 RNA was detected by PCR in predomi-
nantly the olfactory mucosa in 20/30 patients. Viral RNA was also
detected in several additional regions connected to the olfactory
mucosa, including the olfactory bulb, olfactory tubercle, oral mucosa
(uvula), trigeminal ganglion, medulla oblongata, and cerebellum in a
more sporadic fashion (Meinhardt et al., 2021). Sub-genomic RNA
was positive in a small subset of exclusively olfactory mucosal sam-
ples, although the significance of subgenomic RNA detection as an
indicator of active viral replication is controversial (Dimcheff et al.
2021; Alexandersen et al., 2020). Additionally, SARS-CoV-2 S pro-
tein was found in cell types deemed to be of neuronal/neural origin
using immunohistochemistry. Moreover, upregulation of human leu-
cocyte antigen (HLA)-DR was seen in microglia/macrophages in a
subset of samples, indicating a local innate CNS immune response.
Taken together, findings support that SARS-CoV-2 is present at the
neural-mucosal entry, although the extent of neuronal infection
or subsequent axonal transport into the CNS remains uncertain
(Meinhardt et al., 2021). While direct infection of neuronal cells as
well as further migration of virus into the CNS needs further verifi-
cation, viral interaction with the olfactory mucosa and infection of
non-neuronal mucosal cells is the probable pathogenetic mechanism
contributing to the anosmia that is frequently experienced in mild
as well as severe COVID-19. Sustentacular cells, a supportive cell of
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the olfactory mucosa important for maintaining the integrity and
function of olfactory sensory neurons, have been shown to express
ACE2 as well as TMPRSS2, indicating that these cells may be an im-
portant target of active viral infection (Brann et al., 2020; Fodoulian
et al., 2020; Leist et al., 2020).

Neuroimaging findings in neuro-COVID include ischemic stroke,
leptomeningeal enhancement, encephalitis, microvascular lesions,
microhemorrhages, and others. However, MRI findings are divergent
and often normal and do not clearly indicate a common mechanism
of neuronal injury (Cao et al., 2020; Helms et al., 2020; Kandemirli
et al., 2020; Kremer et al., 2020; Lersy et al., 2021; Lu et al., 2020;
Meppiel et al.,, 2021; Pilotto et al., 2021; Saitta et al., 2020;
Virhammar, Naas, et al., 2020).

Altogether, the neuroinvasive capabilities of SARS-CoV-2 remain
difficult to evaluate. Viral genomes and particles can be found in
brain tissue of patients with the disease, but neuropathologic cor-
relates to infection are limited. Similarly, although viral RNA can be
detected in the CSF of patients with neurological symptoms in rare
cases, the vast majority of patients do not have evidence of ongoing
viral replication within the CSF compartment and often lack typical

signs seen in viral CNS infections.

6 | CSF AND SERUM BIOMARKERS OF
CNS INVOLVEMENT IN COVID-19

While direct viral invasion remains uncertain, infection with SARS-
CoV-2 can initiate an intense inflammatory response in the CNS as
well as systemically. Although the mechanisms are not entirely clear,
intrathecal immune activation is likely to a large extent an indirect
consequence of the systemic inflammatory response including the
cytokine release syndrome, leading to activation of CNS resident
immune cells (Figure 1a). In addition, viral interaction with perivas-
cular cells (pericytes or other) of the CNS capillary network may lead
to endothelial activation that can contribute to intrathecal immune
activation, as well as potentially BBB dysfunction and microvas-
cular injuries that may further potentiate CNS immune responses
(Figure 1b) (Perrin et al., 2021; Varga et al., 2020).

A limited number of studies have investigated the effects of
COVID-19 on soluble inflammatory biomarkers in CSF. Increased
concentrations of inflammatory cytokines or chemokines including
IL-6, IL-8, TNF-a, and MCP-1 have been described in patients with
encephalopathy or encephalitis in CSF or CSF and plasma during ac-
tive SARS-CoV-2 infection (Bodro et al., 2020; Farhadian et al., 2020;
Lersy et al., 2021; Virhammar, Naas, et al., 2020; Perrin et al., 2021;
Pilotto et al., 2021). In a study including 13 patients with encephali-
tis, higher CSF concentrations of IL-1p, IL-6, IL-8, TNF-a, and 2 M as
well as the glial activation markers GFAp, sSTREM2, and YKL-40 were
found compared to healthy controls (Pilotto et al., 2021). Levels were
comparable to those found in patients with non-COVID encephali-
tis, except for the B cell chemoattractant chemokine (C-X-C motif)
ligand 13 (CXCL13). Interestingly, CXCL13 was normal in patients
with COVID-encephalitis but increased in other types of infectious
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encephalitis, suggesting a different mechanism perhaps not associ-
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ated with direct CNS infection in the pathogenesis of neuro-COVID
(Pilotto et al., 2021). We have also reported increased concentra-
tions of CSF 2 M in patients with moderate or severe COVID-19
and neurological symptoms. Additionally, high concentrations of
CSF neopterin were found, indicating profound microglial or im-
mune cell activation within the CNS (Eden et al., 2021). Interestingly,
other typical signs of CNS infection including elevated CSF WBC
count, BBB/blood-CSF barrier injury, or intrathecal IgG synthesis
were absent, further supporting the important differences in the
pathobiology of CNS disease in COVID-19 (Eden et al., 2021).

CSF WBC count is often within normal limits, especially in pa-
tients with encephalopathy (Eden et al., 2021; Frontera et al., 2021;
Kandemirli et al., 2020; Neumann et al., 2020; Virhammar, Naas,
et al., 2020). CSF pleocytosis is usually included as one of the di-
agnostic criteria for encephalitis, where a low or moderate increase
in CSF WBC count has been reported in several studies (Espindola
et al., 2020; Moriguchi et al., 2020; Kremer et al., 2020; Bellon
et al.,, 2020; Bodro et al. 2020; Pilotto, Masciocchi, et al., 2021;
Pilotto et al., 2021; Frontera et al., 2021; Lersy et al., 2021; Meppiel
et al., 2021; Miller et al., 2020; Virhammar, Naas, et al., 2020; Franke
etal., 2021).

Interestingly, the presence of macrophages in CSF was ob-
served in a majority of subjects in one study, indicating microglial
activation resembling mechanisms described in septic encephalop-
athy (Bellon et al., 2020). In addition to CSF pleocytosis, elevated
CSF protein has been reported in patients with encephalopathy
as well as encephalitis or inflammatory CNS syndromes in several
studies (Andriuta et al., 2020; Bellon et al., 2020; Cao et al., 2020;
Espindola et al., 2020; Franke et al., 2021; Frontera et al., 2021;
Helms et al.,, 2020; Kandemirli et al., 2020; Kremer et al., 2020;
Lersy et al., 2021; Miller et al., 2020; Paterson et al., 2020; Pilotto,
Masciocchi, et al., 2021; Pilotto et al., 2021).

While viral interaction with the capillary endothelium or peri-
vascular cells may be a trigger of immune activation in the CNS,
BBB or blood-CSF barrier integrity appears to be mostly intact in
most patients with neuro-COVID. However, an increased albumin
quotient has been described in several studies with varying frequen-
cies (Alexopoulos et al. 2020; Bellon et al., 2020; Lersy et al., 2021;
Saitta et al., 2020; Virhammar, Naas, et al., 2020; Perrin et al., 2021)
and has been associated with critical disease (Neumann et al., 2020).
However, evidence of microvascular injuries and microhemorrhages
clearly indicates the potential contribution of virus-induced vascular
injury to CNS pathogenesis in COVID-19 (Lee et al., 2020; Meppiel
et al., 2021; Saitta et al., 2020). Local BBB damage not measurable
in routine analyses may still contribute to the immune reaction in
neuro-COVID patients. CSF sPDGFRp is abundantly expressed in
brain pericytes and is an interesting new biomarker that may be use-
ful in the evaluation of BBB function (Miners et al., 2019; Nation
et al.,, 2019; Sagare et al., 2015). However, data on CSF sPDGFR in
patients with COVID-19 are still very limited.

Oligoclonal bands can be found in patients with encephalopa-
thy as well as encephalitis (Bellon et al., 2020; Espindola et al., 2020;
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FIGURE 1 (a, b) Model of main contributing mechanisms in COVID-19 CNS pathogenesis and associated neurochemical biomarkers.

Viral RNA is rarely detected in CSF in patients with neurological manifestations during COVID-19. Current evidence indicates that the main
contributing mechanisms to CNS pathology in SARS-CoV-2 infection are (A:1) indirect effects of the systemic immune responses leading to
activation of CNS-resident immune cells; (A:2) the pro-thrombotic state and virus-induced endothelitis possibly via infection of pericytes;
and (B:3) direct viral interaction with neuronal and/or supportive cells of the olfactory mucosa. CNS immune activation can be measured
using CSF biomarkers of glial/macrophage (neopterin, STREM-2) and astrocyte (GFAp, YKL-40) activation. CSF p2 M is a useful but unspecific
marker of cellular activation. Markers of neuroaxonal injury include NfL and tau. CSF sPDGFR-f is a new candidate biomarker for BBB
function and is highly expressed in brain pericytes. Abbreviations: GFAp, Glial fibrillary acidic protein; YKL-40, chitinase-3-like-protein;
PDGFR- B, soluble platelet-derived growth factor receptor p; STREM-2, soluble ectodomain of triggering receptor expressed on myeloid cells;
B2 M, p2-microglobulin; NfL, neurofilament light; CSF, cerebrospinal fluid

Franke et al., 2021; Helms et al., 2020; Kremer et al., 2020; Lersy are peripheral and passively transported to the CNS, although CSF

etal., 2021; Neumann et al., 2020; Paterson et al., 2020; Virhammar,
Naas, et al., 2020). In a majority of cases, identical bands are found in
serum (type IV oligoclonal bands) indicating that humoral responses

specific oligoclonal bands indicating intrathecal production has
been described in a handful of patients (Espindola et al., 2020; Lersy
et al.,, 2021; Virhammar, Naas, et al., 2020). CSF anti-SARS-CoV-2
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IgG has been detected in patients with varying manifestations of
neuro-COVID, but again, signs of CNS-specific intrathecal produc-
tion are rare (Alexopoulos et al. 2020; Andriuta et al., 2020; Bellon
et al., 2020; Franke et al., 2021; Virhammar, Naas, et al., 2020).
Similarly, an elevated IgG index indicating intrathecal antibody pro-
duction is rarely seen (Alexopoulos et al. 2020; Bellon et al., 2020;
Eden et al.,, 2021; Helms et al., 2020). Although the timing of CSF
sampling may potentially influence these results, available data in-
cluding patients with CSF samples drawn several weeks after dis-
ease onset does not indicate that SARS-CoV-2 generally induces
a specific intrathecal B-cell response, but rather a systemic anti-
body production that is also measurable in CSF. The normal levels
of CXCL13 found in COVID encephalitis patients also suggest that
SARS-CoV-2 infection does not generally induce B cell specific re-
sponses in the CNS (Pilotto et al., 2021).

Biomarkers of axonal injury such as NfL or tau and markers of
astroglial activation and injury (GFAp) can provide important infor-
mation on the consequences of COVID-19 on the CNS. However,
available data is still limited in neuro-COVID patients. Increased con-
centrations of CSF NfL has been found in a subset of severely/crit-
ically ill patients with encephalopathy (Eden et al., 2021; Espindola
et al., 2020; Franke et al., 2021; Pilotto et al., 2021; Virhammar,
Naas, et al., 2020) and was correlated to disease severity in one
report (Virhammar, Naas, et al., 2020). Very high concentrations of
NfL, tau, and GFAp were found in one patient with COVID-19 with
acute necrotizing encephalopathy (ANE), consistent with the under-
lying diagnosis (Virhammar, Kumlien, et al., 2020). Increased CSF
concentrations of tau and GFAp has also been described in patients
with encephalopathy or encephalitis, indicating that SARS-CoV-2 in-
fection can result in axonal and astroglial injury in some individuals
(Pilotto et al., 2021; Virhammar, Naas, et al., 2020).

In a study of 47 patients with mild to severe COVID-19, we found
increased concentrations of plasma GFAp in patients with moder-
ate and of plasma GFAp and NfL in patients with severe COVID-19,
while patients with mild disease had normal levels compared to un-
infected controls (Kanberg et al., 2020). Concentrations of GFAp
decreased on follow-up, while NfL showed a sustained increase,
perhaps representing an early astrocytic response to infection fol-
lowed by a more delayed axonal injury. Neurological symptoms
were noted only in a minority of included patients (5/18 with severe
disease). Although peripheral axonal injury can potentially contrib-
ute to increased plasma concentrations of NfL and GFAp, a strong
correlation between plasma and CSF concentration was seen in
patients with neurological symptoms, suggesting that plasma lev-
els parallel CSF levels in patients with neuro-COVID (Virhammar,
Naas, et al., 2020). In critically ill patients treated in the ICU, sig-
nificantly higher plasma GFAp was seen in patients with COVID-19
than in patients with respiratory failure due to other causes (Cooper
et al., 2020). Higher plasma NfL was also seen in patients with delir-
ium. However, patients with COVID-19 were older than controls and
the number of patients were small, making the evaluation of results
uncertain (Cooper et al., 2020). Higher serum NfL was also seen in 29
COVID-19 ICU patients compared to 10 general ICU patients after
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Although these studies are limited in size, results may indicate that
additional neuronal damage can potentially be associated with
COVID-19 beyond what is seen a non-COVID-19 ICU population.

In summary, even if other factors such as hypoxemia or throm-
boembolic events likely contribute to the neuro-axonal and astroglial
injury seen in recent reports, accumulating evidence indicates that
SARS-CoV-2 infection generates a marked immune response within
the CNS in a significant number of patients with varying disease se-
verity and degree of neurological manifestations, leading to neuro-
axonal and astroglial injury in patients with the severe or critical
disease. The extent of neuro-axonal injury in patients with the less

severe disease remains to be further characterized.

7 | DISCUSSION

Although CNS manifestations are common, the pathogenetic mech-
anisms by which SARS-CoV-2 infection affects the CNS are still
under investigation. Different models have been proposed, includ-
ing non-specific complications to systemic disease such as hypox-
emia and systemic inflammatory responses, direct viral damage to
neuronal tissues due to neuroinvasion, or indirect damage as a con-
sequence of excessive immune activation (Ellul et al., 2020). While
different mechanisms can all contribute to the disease manifesta-
tions of individual patients, accumulating evidence points to the
specific importance of immune-mediated mechanisms as a key com-
ponent in neuro-COVID. Signs of immune activation are evident in
studies of CSF biomarkers in patients with neurological symptoms
as well as in autopsy studies, while findings typically associated with
CNS infections - CSF pleocytosis, BBB or blood-CSF barrier disrup-
tion, intrathecal humoral responses, or pathological signs of men-
ingitis or encephalitis - are typically mild or missing and viral RNA
remains undetectable in CSF in the absolute majority of subjects.
Glial cell activation because of pro-inflammatory cytokine release
induced by the systemic response to SARS-CoV-2 infection appears
to be of central importance in patients with neuro-COVID. A similar
mechanism has been described in immune effector cell-associated
neurotoxicity syndrome (ICANS) following CAR- T cell therapy,
where a cytokine release syndrome with high CSF concentrations
of IL-6, IL-8, and TNF-a induces a glial cell mediated neuroinflam-
mation (Gust et al., 2019; Lee et al., 2019; Santomasso et al., 2018).
Inflammatory mediators can likely act directly across the BBB to in-
duce neuroinflammation via astrocyte and microglia activation lead-
ing to inflammatory-mediated injury in the CNS (Gust et al., 2019).
Moreover, viral interaction with perivascular cells via ACE2 can lead
to endothelitis with further exacerbation of inflammatory responses
(Varga et al., 2020; Zubair et al., 2020), and microvascular injuries
probably related to endothelitis have been described in patients with
COVID-19 (Lee et al., 2020; Meppiel et al., 2021; Saitta et al., 2020).
Accordingly, glial and cellular activation markers, including CSF ne-
opterin, f2 M, sTREM2, and GFAp, have been found to be markedly
and consistently increased in CSF studies of neuro-COVID patients
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(Eden et al., 2021; Pilotto et al., 2021), although significant disrup-
tion of BBB or blood-CSF barrier integrity is less common. Indeed,
we have found high concentrations of CSF neopterin in every pa-
tient with neuro-COVID studied up to this point.

Further indications of the importance of immune-mediated
mechanisms in the pathogenesis of neuro-COVID include recent
findings of T cell exhaustion and monocyte dedifferentiation in
the CSF of 8 neuro-COVID patients with moderate to severe dis-
ease. An attenuated interferon-response was seen in comparison to
other types of viral encephalitis patients, indicating local immune
overactivation despite the absence of detectable virus in the CSF
(Heming et al., 2021). Additionally, anti-neuronal antibodies have
been detected in 11 critically ill patients with neuro-COVID, possi-
bly suggesting that SARS-CoV-2 induced inflammation may lead to
the generation of autoantibodies similar to anti-NMDAR antibodies
seen after herpes simplex virus encephalitis (Franke et al., 2021). The
potential importance of autoantibodies in patients with long-term
sequelae after acute infection remains an interesting area for future
studies.

The importance of the immune response in the pathogene-
sis of neuro-COVID has important therapeutic as well as scien-
tific implications. The lack of detectable virus in CSF during acute
neuro-COVID-19 suggests that the potential usefulness of antiviral
therapy may be limited. Unlike persistent infections, such as human
immunodeficiency virus type 1 (HIV-1) or reactivated infections
caused by Herpesviridae, the therapeutic potential for antiviral ef-
ficacy in SARS-CoV-2 infection is likely greatest during very early
symptomatic or presymptomatic infection. However, it is of utmost
importance that future clinical trials of potential drug candidates in-
clude evaluation of CNS performance and effectiveness in relation
to neurological manifestations of COVID-19. While direct antiviral
therapy may be of limited use, interventions targeting the CNS im-
mune response and other processes initiated by the infection have
the potential to modulate and ameliorate CNS symptoms, as well as
the respiratory or systemic inflammatory responses currently being
targeted. Immunomodulatory therapies have been used in patient
care in a limited number of reports (Freire-Alvarez et al., 2020;
Perrin et al., 2021; Romero-Sanchez et al., 2020; Wang et al., 2020),
but results are anecdotal and properly designed and powered clinical
trials are essential to improve the clinical management of patients
with neuro-COVID.

CSF and plasma biomarkers of CNS immune activation and in-
jury also have the potential to be useful in the clinical management
of individual patients. Although CSF sampling is not routinely
done, and the availability of CSF analyses is often limited locally,
serum or plasma biomarkers can provide important information
on CNS responses during infection. For instance, serum neop-
terin has been evaluated as a prognostic biomarker and has been
associated with disease severity (Ozger et al.,, 2020; Robertson
et al., 2020) as well as the risk for ICU admission, need for mechan-
ical ventilation, and death (Bellmann-Weiler et al., 2021). Perhaps

more interestingly, plasma NfL indicating neuro-axonal injury has

been associated with disease severity and unfavorable outcome
(Kanberg et al., 2020; Sutter et al., 2020) and might potentially be
of prognostic use for evaluating the risk for neuronal injury or neu-
rological sequelae. In addition, exploratory approaches applied to
CSF of well-defined patients have the potential to reveal import-
ant information regarding pathogenetic mechanisms as well as the
identification of useful clinical biomarkers during neuro-COVID
(Remsik et al. 2020).

8 | CONCLUSION

The neurological impact of SARS-CoV-2 is significant during acute
infection, and the severity of neurological manifestations is often,
but not always, linked to the severity of COVID-19. Although the
virus does not seem to be neuroinvasive in most individuals, nev-
ertheless infection with SARS-CoV-2 generates significant immuno-
logical responses as well as evidence of neuronal injury within the
CNS. These findings may have important implications for therapeu-
tic interventions, as well as future research efforts. In this review, we
highlighted the potential importance of utilizing CSF as well as blood
biomarkers to increase our understanding of the CNS responses to
infection, and in the characterization of neuropathogenic processes
related to COVID-19. In addition to aiding as diagnostic and prog-
nostic tools during acute infection, the use of comprehensive and
well-characterized CSF and blood biomarkers will likely be very use-
ful in understanding the potential impact on the CNS in the rapidly
increasing number of individuals recovering from COVID-19.
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