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The effects of SARS-CoV-2 in COVID-19 on the nervous system are incompletely under-
stood. SARS-CoV-2 can infect endothelial cells, neurons, astrocytes, and oligodendrocytes
with consequences for the host. There are indications that infection of these CNS-resident
cells may result in long-term effects, including emergence of neurodegenerative diseases.
Indirect effects of infection with SARS-CoV-2 relate to the induction of autoimmune dis-
ease involving molecular mimicry or/and bystander activation of T- and B cells and emer-
gence of autoantibodies against various self-antigens. Data obtained in preclinical mod-
els of coronavirus-induced disease gives important clues for the understanding of ner-
vous system-related assault of SARS-CoV-2. The pathophysiology of long-COVID syn-
drome and post-COVID syndrome in which autoimmunity and immune dysregulation
might be the driving forces are still incompletely understood. A better understanding of
nervous-system-related immunity in COVID-19 might support the development of thera-
peutic approaches. In this review, the current understanding of SARS-CoV-2 tropism for
the nervous system, the associated immune responses, and diseases are summarized.
The data indicates that there is viral tropism of SARS-CoV-2 in the nervous system result-
ing in various disease conditions. Prevention of SARS-CoV-2 infection by means of vac-
cination is currently the best strategy for the prevention of subsequent tissue damage
involving the nervous system.
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Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is
a beta-coronavirus. SARS-CoV-2 is causing coronavirus disease 19
(COVID-19) which emerged at the end of 2019 in Wuhan in China
[1, 2]. Since its appearance, it has spread over the globe. COVID-
19 is mainly affecting the lungs leading to an atypical pneumonia.
Most organs in the body can be affected by COVID-19. SARS-CoV-
2 has mutated fast resulting in multiple lineages and sublineages
with variations in regional distribution and different degrees of
infectivity [3].

The positive ssSRNA genome of SARS-CoV-2 encodes 16 non-
structural proteins involved in viral replication and four structural
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proteins (envelope, spike-glycoprotein, membrane, nucleocapsid)
[4]. Angiotensin-converting enzyme 2 (ACE2) is the receptor for
uptake of SARS-CoV-2 [5, 6]. Co-factors are heparan sulfates on
the cell surface and various additional co-factors for SARS-CoV-
2 including neuropilin 1 that may differ also depending on the
infected cell type [7-11]. The spike protein is of major impor-
tance for interaction with ACE2 and cellular uptake. ACE2 is
expressed in many cells of the body and therefore SARS-CoV-
2 can infect most organs [12]. SARS-CoV-2 uses the infected
cell for the production of virus [13]. Many host factors of rele-
vance have been identified as important for infection by SARS-
CoV-2 [11]. Reverse-transcribed SARS-CoV-2 mRNA can inte-
grate into the genome of cultured cells [14]. It can produce
chimeric transcripts of the fusion of viral and cellular sequences
in human tissue [15]. The SARS-CoV-2-induced presence of the
host factor of long interspersed element-1 strongly increases
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the efficacy of retrotransposition of SARS-CoV-2 in human
tissue [15].

In SARS-CoV-2 infection resulting in COVID-19, there is often
affection of the nervous system with impact on the immune sys-
tem as outlined in this article. Moreover, in post-COVID syndrome,
clinical signs of nervous system involvement are observed. So far
it is still debated how far SARS-CoV-2 itself is neurotropic. Many
effects on the nervous system mediated by SARS-CoV-2 in COVID-
19 are related to indirect effects of SARS-CoV-2 infection and
SARS-CoV-2-induced autoimmune disease.

Effects of SARS-COV-2 in COVID-19 on the nervous
system

SARS-CoV-2 in COVID-19 can affect the nervous system through
various mechanisms. The effects of SARS-CoV-2 on the CNS are
not just dependent on a putative assault on neurons but in addi-
tion on other CNS resident cells like astrocytes, oligodendro-
cytes, endothelial cells, and microglia. So far it is not completely
resolved how far SARS-CoV-2 can infect neurons and which type
of neurons are affected since there is no general agreement
regarding neurotropism of SARS-CoV-2 [16, 17]. Dysosmia and
ageusia have been observed early on in patients with COVID-19
[18]. Sustentacular cells are the major target cell type in the olfac-
tory mucosa that is infected by SARS-CoV-2 [16]. Analysis of post-
mortem olfactory sensory neurons from patients with COVID-19
did not show viral infection. Therefore, it has been concluded that
SARS-CoV-2 does not appear to be a neurotropic virus. Rather, it
has been postulated that transient insufficient support from sus-
tentacular cells triggers olfactory dysfunction in COVID-19, that
is, olfactory sensory neurons are affected without getting infected.
Viral invasion was not observed due to anatomical barriers at
vulnerable interfaces [19]. Olfactory dysfunction in COVID-19 is
accompanied by T-cell infiltration with CD4+ and CD8+ positive
T-cells expressing IFN-y and granzyme B [20]. The persistence
of olfactory dysfunction is associated with the persistence of T-
cells expressing IFN-y and enrichment of antigen-presenting cells,
especially CD207+ dendritic cells [21].

The potential lack of neurotropism has been debated by others
who found infection of olfactory bulb sensory neurons [22]. In
addition, infection of neurons involved in taste sensing (ageusia)
has been reported [23]. It has been shown that human-induced
pluripotent stem cell-derived sensory neurons can be infected by
SARS-CoV-2 [17]. The infected cells were not capable of produc-
ing the virus.

There is evidence that SARS-CoV-2 is neurotrophic based on
investigations in other parts of the nervous system. Structures
and diseases possibly related to direct infection by SARS-CoV-2
in COVID-19 are indicated in Table 1.

Infection with SARS-CoV-2 can lead to endotheliitis that can
affect CNS vessels [24, 25]. In endotheliitis, there is accumula-
tion of lymphocytes, neutrophils, and macrophages in endothe-
lial walls. Endotheliitis can have major consequences eventually
resulting in ischemic stroke. Also, alternative mechanisms of dam-
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age to large and small cerebral vessels by SARS-CoV-2 in COVID-
19 have been observed [26]. In the heart, it has been shown that
endotheliitis leads to small vessel vasculitis. This can also involve
epicardial nerves in COVID-19 with the appearance of an inflam-
matory neuropathy, possibly resulting in cardiac complications
such as myocardial injury and arrhythmias [27]. The main pro-
tease (Mpro) of SARS-CoV-2 cleaves NEMO which is a modulator
of NF-kB. This in turn leads to the death of brain endothelial cells
in mice [28]. Antibody-mediated cytotoxicity directed against the
endothelial cells, which has been observed postmortem in patients
with COVID-19, may act as a potential initial triggering event for
tissue damage leading to vascular leakage, platelet aggregation,
neuroinflammation, and neuronal injury [29].

At biopsy or autopsy, besides hypoxia, CNS microthrombi,
thromboembolic disease, inflammation, and hemodynamic-
mediated changes were found in COVID-19 [30]. Mainly dur-
ing the initial emergence of SARS-CoV-2 and COVID-19 due to
lack of disease understanding and lack of adequate intensive care
respiratory support, reduced oxygenation caused by SARS-CoV-
2-induced pneumonia in COVID-19 resulted in severe hypoxia
of CNS [31]. Acute hypoxic-ischemic injury led to neuronal loss
and presence of apoptotic neurons. This kind of CNS damage
is unrelated to direct viral infection of the CNS by SARS-CoV-2
in COVID-19 or indirect effects mediated by the virus-induced
immune response within the CNS but a consequence of the
strongly reduced oxygenation of erythrocytes in the lung result-
ing in hypoxia of the CNS.

There is further evidence that SARS-CoV-2 can be present in
CNS in COVID-19 [32-35]. In a postmortem study of patients who
died of COVID-19, SARS-CoV-2 was found in multiple organs out-
side the respiratory system including the brain [36]. The degree
of infection with SARS-CoV-2 of multiple organs was higher in
severe cases of COVID-19. Importantly, in this study, only a low
degree of inflammation was observed outside of the respiratory
tract. On the other hand, significant neuroinflammation with acti-
vation of innate and adaptive immune cells was found in COVID-
19 neuropathology [37].

It has been shown that nanotubes provide a route for spread-
ing of SARS-CoV-2 in the CNS [38]. SARS-CoV-2 nucleoprotein is
found early in infection in neurons of the myenteric plexus [39].
In this area, ACE2 is highly expressed. In cerebral cortical tissues,
NOD-, LRR- and pyrin domain-containing protein 3 is co-localized
with ACE2 and viral nucleoprotein [40].

There is preliminary data indicating that SARS-CoV-2 invades
the brain and induces molecular and cellular changes as in
Alzheimer‘s disease [41]. There are indications that SARS-CoV-
2-derived- neurotoxic amyloidogenic peptides may trigger neu-
rological symptoms in COVID-19 [42]. SARS-CoV-2 spike pro-
tein may be amyloidogenic [43]. In postmortem brain of rhe-
sus and cynomolgus macaques after pulmonary disease induced
with SARS-CoV-2, brain infiltration of T-cells and activated
microglia were found [44]. Interestingly, also a-synuclein aggre-
gates were found. Such aggregates are involved in Parkinson’s dis-
ease. There is an ongoing debate regarding the disease-inducing
and modifying roles of SARS-CoV-2 in Parkinson’s disease [45].
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SARS-CoV-2 infected mice with respiratory symptoms had an
increased expression of cytokines and chemokines, especially of
CCL11 in cerebro-spinal fluid (CSF) leading to an activation
of hippocampal microglia [46]. Subsequently, neurogenesis was
impaired and there was loss of oligodendrocytes and myelinated
axons. Similar findings were seen in patients with respiratory
COVID-19.

In a mouse model of neurotropic coronavirus disease induced
with mouse hepatitis virus (MHV), surviving oligodendrocytes are
long-term infected with MHV for at least 150 days [47]. This
infection resulted in cerebral demyelination and the degree of
demyelination was associated with increased numbers of infil-
trating T cells and the presence of activated microglia and
macrophages. MHV-infected oligodendrocytes expressed more
major histocompatibility class I (MHC I) molecules on the cell
surface compared to non-infected oligodendrocytes. In addition
to their potential role in demyelination, such infected oligoden-
drocytes might also be involved in remyelination.

There are indications that SARS-CoV-2 mainly affects cor-
tical astrocytes in the CNS [48]. Such astrocytes have no or
low ACE2 expression. Interestingly, in such astrocytes high lev-
els of CD147 (basigin also known as EMMP inducer) and CD26
(dipeptidyl peptidase-4) are observed which can possibly act
as co-receptors for SARS-CoV-2 [49]. Following infection with
SARS-CoV-2, downstream cellular stress and glial reactivity were
observed. In addition, neuronal infection by SARS-CoV-2 was
observed to a much lower degree compared with cortical astro-
cytes [48].

Taken together, there is much evidence that SARS-CoV-2 is
neurotrophic. Not much is known regarding the consequences on
the immune system caused by this neurotropism. Possibly, neu-
rotropism differs between different SARS-CoV-2 variants [50].

Indirect effects mediated by SARS-CoV-2 in COVID-19
on the nervous system

In the case of infection with SARS-CoV-2 in COVID-19, a cytokine
storm can take place leading to multiple consequences on vari-
ous organs including the CNS [51]. Inflammasome activation in
infected macrophages has been shown to be of paramount impor-
tance for driving widespread immune activation and cellular dam-
age [52]. In line with a preceding cytokine storm in severe COVID-
19 cases with neurological symptoms is the observation of dedif-
ferentiated monocytes and exhausted CD4+ T cells in CSF [53].
There are several neurological symptoms and diseases involv-
ing the peripheral or/and CNS that are associated with COVID-
19. These include Guillain-Barré syndrome, myasthenia gravis,
opsoclonus-myoclonus syndrome, and others as outlined in
Table 2. In these diseases, a direct effect of SARS-CoV-2 and
subsequent tissue damage is unlikely, and other mechanisms are
hypothesized. Such potential mechanisms include activation of
the adaptive immune response by molecular mimicry or/and
bystander activation. Molecular mimicry means that there may be
structural similarity between virus sequences or/and domains and

© 2023 The Authors. European Journal of Immunology published by
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structures and sequences of the host. These similarities can result
in an immune response of T cells and B cells that are not only
directed against parts of the virus but also against self-proteins,
for example, the nicotinic acetylcholine receptor (nAChR) that is
the main autoantigen in myasthenia gravis. In bystander activa-
tion, the adaptive immune response triggered by viral infection
can cause an activation of an immune response directed against
self-antigens that will also result in autoimmune disease.

There is increasing knowledge regarding the structural
requirements for induction of autoimmune disease after viral
infection with SARS-CoV-2. Preceding infection with SARS-CoV-
2 in COVID-19 can lead to broad cellular perturbations in the
absence of molecular traces of SARS-CoV-2 in the brain [54].
Especially the choroid plexus, which is involved in T-cell traffick-
ing into the brain, appears to play a pivotal role in these pro-
cesses. Affected brain regions after COVID-19 seem to be overlap-
ping with neurodegenerative and neuropsychiatric diseases.

In the JHM coronavirus-induced model in the LEW rat, myelin-
basic-protein specific T cells were primed by coronavirus that per-
sisted and could be transferred to naive recipients resulting in
CNS disease [55]. In patients with multiple sclerosis T cells that
cross-recognize coronavirus sequences of strain 229E and myelin
basic protein have been found [56]. Possibly, these findings could
be relevant for SARS-CoV-2 mediated nervous system involve-
ment and induction of secondary autoimmunity in COVID-19.

Long-COVID syndrome and post-COVID syndrome

Some patients who had COVID-19 subsequently develop long-
COVID syndrome or/and post-COVID syndrome [57-59]. In long-
COVID syndrome (time span 4 weeks to three months after
COVID-19) it has been found that during this time window, a mul-
titude of symptoms can emerge that are unrelated to the initial
manifestations of COVID-19. These often include unspecific neu-
rological symptoms like fatigue, irritability, and mnestic problems.
Also, in post-COVID syndrome (time span three months to years
after COVID-19) there is persistence or new emergence of symp-
toms related to SARS-CoV-2. Long-COVID syndrome as well as
post-COVID syndrome are still incompletely understood regarding
their pathological, molecular, and immunological basis. Longitu-
dinal effects of SARS-CoV-2 in COVID-19 on the brain in compar-
ison to non-infected individuals were observed in imaging stud-
ies with a reduction of grey matter thickness in the orbitofrontal
and parahippocampal gyrus [60]. Regions that are functionally
connected to the olfactory cortex were affected by morphologi-
cal changes and a reduction of global brain size was observed.
Also, the temporal lobe was involved which is critical for memory
formation [60]. The patients often describe neuropsychological
deterioration that is named “brain fog” [46]. A typical neurologi-
cal manifestation during this time window is fatigue with varying
degrees. The condition is clinically similar to chronic fatigue syn-
drome, also named myalgic encephalomyelitis. In chronic fatigue
syndrome, there is a strong indication of an energy failure on the
cellular level which can result in rapid exhaustion and fatigue.
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In addition, there are changes in certain immune cell types that
can result in increased susceptibility to infection [61]. Changes in
lymphocyte stiffness, monocyte size, neutrophil size and deforma-
bility, and heterogeneity of erythrocyte deformation and size were
found [62]. Some authors have reported increased mast cell acti-
vation in patients with post-COVID syndrome [63].

Many autoantibodies are found in patients with COVID-19
that could be of relevance in long-COVID and post-COVID syn-
dromes [64]. In post-COVID syndrome, antibodies against spe-
cific chemokines were omnipresent [65]. Interestingly, the pres-
ence of these antibodies was associated with a better disease
outcome. Presently, there are no specific markers that allow a
laboratory-based diagnosis of post-COVID syndrome. Usually, CSF
analysis does not show distinctive features [66, 67]. There are
no approved therapeutic options for the treatment of fatigue
associated with long-COVID-19 syndrome or post-COVID-19 syn-
drome. Treatment approaches are mainly based on mild physical
endurance training. Currently, much effort is being undertaken to
define potentially effective treatments for post-COVID syndrome
in clinical trials involving many different treatment modalities
[68].

Antigen presentation in CNS in the context of
SARS-CoV-2 in COVID-19

The role of antigen presentation of SARS-CoV-2 in COVID-19 in
the CNS has not been extensively investigated up to now. Possi-
bly, such investigations would be of value to better understand
the effects of SARS-CoV-2 in COVID-19 in the CNS and sub-
sequent immune responses. There is evidence that SARS-CoV-2
infection leads to downregulation of MHC-I in infected cells [69,
70]. Downregulation of MHC-I on infected cells allows viral per-
sistence. This downregulation of MHC-I seems to be mediated
by proteins encoded in open reading frames (ORF) of SARS-
CoV2, mainly ORF3, ORF7a [70, 71], and ORF8 [69], but also
other mechanisms seem to be operative. In ORF8-expressing cells,
MHC-I molecules are selectively targeted for lysosomal degrada-
tion via autophagy. ORF3a and ORF7a act posttranslationally in
the secretory pathway to lower surface MHC-I expression. In one
study a mechanism of MHC-I downregulation has been demon-
strated that involved STAT1-IRF1l-nucleotide-binding oligomer-
ization domain-like receptor family caspase activation and recruit-
ment domain containing 5 [72]. Interestingly, SARS-CoV-2 is
capable of immune evasion by spike-dependent targeting of ACE2
on CD8+ T cells and preventing immune synapse formation [73].

Host molecules involved in antigen presentation can have pro-
tective roles against the infectivity of SARS-CoV-2. In this respect,
it has been shown that CD74 (human leukocytes antigen [HLA]-
DR antigens-associated invariant chain) p41 can block the endo-
somal entry pathway of SARS-CoV-2 [74].

HLA peptidomics were used for the identification of SARS-
CoV-2-derived HLA peptides [75]. Several of the SARS-CoV-2
peptides are immunogenic. Many of the SARS-CoV-2 expressed
ligands on MHC-I are derived from out-of-frame ORFs [76].

© 2023 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH.
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HLA haplotypes and SARS-CoV-2 in COVID-19

There is evidence that HLA haplotypes affect susceptibility to
COVID-19 [77]. Severe COVID-19 cases are associated with cer-
tain HLA haplotypes [78]. In one specific study, the HLA-B*07:02
allele was associated with an elevated risk of high severity score of
COVID-19, whereas the HLA-C*15:02 allele was associated with
risk reduction [78]. Depending on the genetic background and
SARS-CoV-2 variants, there are indications that the HLA haplo-
type influences differ [77]. So far, there is no knowledge of the
potential influence of HLA haplotypes on neurological manifesta-
tions after infection with SARS-CoV-2 in COVID-19.

Interferons type I and SARS-CoV-2 in COVID-19

Autoantibodies against type I interferons are associated with
unfavorable outcomes of COVID-19 pneumonia [79]. Especially
in older individuals, autoantibodies against type I interferons
were observed that were associated with more severe disease
and increased mortality in COVID-19 [80]. Inborn errors of type
I interferon signatures involving TLR 3-dependent and IRF 7-
dependent type I interferon result in the most severe forms of
COVID-19 [81]. These findings were not confirmed in another
study [82]. No specific knowledge is presently available regard-
ing the influence of type I interferons on nervous system-related
outcomes in SARS-CoV-2 in COVID-19.

SARS-CoV-2 and vaccinations

Vaccines against SARS-CoV-2 are of paramount importance for the
prevention of COVID-19 or reduction of disease severity in COVID-
19. Besides mRNA-based vaccines, adenovirus-based vaccines and
protein vaccines have been introduced [83]. Newly emerging sub-
variants of the omicron variant of SARS-CoV-2 have an increased
ability to evade neutralizing antibodies, possibly resulting in lack
of efficacy of currently available vaccines [84]. There are sev-
eral reports of emergence or reactivation of autoimmune disease
after vaccination with mRNA-based vaccines against SARS-CoV-
2. The development of immune thrombotic thrombocytopenia
(ITTP) has been observed mediated by the presence of platelet-
activating antibodies against platelet factor 4 (PF4, CXCL4) [85].
Moreover, antineutrophil cytoplasmic antibodies in serum and the
associated vasculitis have been reported after vaccination with
mRNA-based vaccines [86]. In multiple sclerosis, exacerbations
of relapses have been observed after mRNA vaccination against
SARS-CoV-2 [87]. There are more reported side effects involv-
ing molecular mimicry or/and bystander activation. Importantly,
the SARS-CoV-2 mRNA vaccine did not induce long interspersed
element-1-mediated reverse transcription and did not lead to inte-
gration of the SARS-CoV-2 mRNA vaccine into human tissue [15].
Therefore, the risk of genomic integration in humans of SARS-
CoV-2 mRNA vaccines is very low. Taken together, side effects
observed after SARS-CoV-2 mRNA vaccination relate to immune-
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mediated autoimmune reactions, whereas natural SARS-CoV-2
infection can result in broader tissue pathology.

has led to
unwanted side effects related to immune activation and autoim-
munity including ITTP and severe cerebral venous thrombosis
[88, 89]. So far, there is not much data available regarding

Vaccination with adenovirus-based vectors

protein-based vaccines and the emergence of autoimmune dis-
eases.

Summary

The most challenging issue relates to the understanding of the
long-term consequences of infection with SARS-CoV-2 in COVID-
19 on neurological function and disease. Possibly, the long-term
effects of preceding viral infection with SARS-CoV-2 will only
become evident much later in life. As described above, there are
indications of direct and indirect effects of SARS-CoV-2 in COVID-
19 on CNS resident cells. Some changes bear similarities to mor-
phological and cellular changes observed in psychiatric and neu-
rodegenerative diseases such as Alzheimer’s disease and Parkin-
son’s disease. To understand whether infection by SARS-CoV-2
can lead to such diseases in the long term, more scientific effort
is necessary. Such an effort should especially focus on long-term
follow-up including detailed clinical, imaging, molecular, and
immunological assessments. Regarding treatment approaches, all
data indicates that it would be advantageous to completely clear
SARS-CoV-2 from all organs. In this context, vaccination against
SARS-CoV-2 also in patients who had COVID-19 is of great impor-
tance. Nevertheless, not much is understood about the persis-
tence of genomic information of the SARS-CoV-2 in infected host
cells and the consequences due to activation of the immune sys-
tem. Such immune activation could result in detrimental as well
as beneficial outcomes for the host in the long run. In particu-
lar induction of autoimmune disease as a long-term consequence
of infection with SARS-CoV-2 should not be underestimated and
neglected.

It remains to be seen whether new SARS-CoV-2 variants
or/and subvariants with an increased tropism for infection of CNS
resident cells and possibly detrimental effects such as severe forms
of encephalitis will emerge. Presently, virologists and epidemiolo-
gists indicate that a scenario with more aggressive and encephali-
togenic SARS-CoV-2 variants is highly unlikely since virus variants
with a mild disease-inducing capacity, but high infectivity are pref-
erentially selected.

Open access funding enabled and organized
by Projekt DEAL.

The author declares no conflict of interest.

© 2023 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH.

HIGHLIGHTS

Data sharing is not applicable to
this article as no new data were created or analyzed in this study.

References

1 Wu, F, Zhao, S., Yu, B., Chen, Y. M., Wang, W,, Song, Z. G., Hu, Y. et al,,
A new coronavirus associated with human respiratory disease in China.
Nature 2020. 579: 265-269.

N

Zhou, P, Yang, X. L., Wang, X. G., Hu, B., Zhang, L., Zhang, W.,, Si, H.
R. et al,, A pneumonia outbreak associated with a new coronavirus of
probable bat origin. Nature 2020. 579: 270-273.

w

Despres, H. W., Mills, M. G., Shirley, D. J., Schmidt, M. M., Huang, M.
L., Roychoudhury, P., Jerome, K. R. et al., Measuring infectious SARS-
CoV-2 in clinical samples reveals a higher viral titer: RNA ratio for
Delta and Epsilon vs. Alpha variants. Proc Natl Acad Sci U S A 2022. 119:
€2116518119.

4 Yao, H.,Song, Y.,Chen, Y., Wu, N., Xu, J., Sun, C., Zhang, J. et al., Molecular
architecture of the SARS-CoV-2 virus. Cell 2020. 183: 730-738 e713.

5 Wang, Q., Zhang, Y., Wu, L., Niu, S., Song, C., Zhang, Z., Lu, G. et al,,
Structural and functional basis of SARS-CoV-2 entry by using human
ACE2. Cell 2020. 181: 894-904. e899.

()}

Yan, R, Zhang, Y., Li, Y., Xia, L., Guo, Y. and Zhou, Q., Structural basis for
the recognition of SARS-CoV-2 by full-length human ACE2. Science 2020.
367: 1444-1448.

~N

Clausen, T. M., Sandoval, D. R, Spliid, C. B., Pihl, ., Perrett, H. R., Painter,
C. D, Narayanan, A. et al., SARS-CoV-2 infection depends on cellular
heparan sulfate and ACE2. Cell 2020. 183: 1043-1057. e1015.

o]

Daniloski, Z., Jordan, T. X., Wessels, H. H., Hoagland, D. A., Kasela,
S., Legut, M., Maniatis, S. et al., Identification of required host fac-
tors for SARS-CoV-2 infection in human cells. Cell 2021. 184: 92-105.
ell6.

e}

Cantuti-Castelvetri, L., Ojha, R., Pedro, L. D., Djannatian, M., Franz, J.,
Kuivanen, S., van der Meer, F. et al., Neuropilin-1 facilitates SARS-CoV-2
cell entry and infectivity. Science 2020. 370: 856-860.

10 Wei, J., Alfajaro, M. M., DeWeirdt, P. C., Hanna, R. E., Lu-Culligan, W. J.,
Cai, W. L., Strine, M. S. et al., Genome-wide CRISPR screens reveal host

factors critical for SARS-CoV-2 infection. Cell 2021. 184: 76-91. e13.

1

[

Wang, R., Simoneau, C. R., Kulsuptrakul, J., Bouhaddou, M., Travisano,
K. A.,Hayashi, J. M. et al., Genetic screens identify host factors for SARS-
CoV-2 and common cold coronaviruses. Cell 2021. 184: 106-119. e114.

12 Lamers, M. M., Beumer, J., van der Vaart, J., Knoops, K., Puschhof, J.,
Breugem, T. L., Ravelli, R. B. G. et al., SARS-CoV-2 productively infects

human gut enterocytes. Science 2020. 369: 50-54.

13 Kim, D, Lee, J. Y,, Yang, J. S., Kim, ]J. W,, Kim, V. N. and Chang, H., The

architecture of SARS-CoV-2 transcriptome. Cell 2020. 181: 914-921. e910.

14 Zhang, L., Richards, A., Barrasa, M. I, Hughes, S. H., Young, R. A. and
Jaenisch, R., Reverse-transcribed SARS-CoV-2 RNA can integrate into
the genome of cultured human cells and can be expressed in patient-

derived tissues. Proc Natl Acad Sci U S A 2021. 118: €2105968118.

15 Zhang, L., Bisht, P, Flamier, A., Barrasa, M. L, Friesen, M., Richards, A.,
Hughes, S. H. et al., LINE1-mediated reverse transcription and genomic
integration of SARS-CoV-2 mRNA detected in virus-infected but not in

viral mRNA-transfected cells. Viruses 2023. 15: 629.

16 Khan, M., Yoo, S. J., Clijsters, M., Backaert, W., Vanstapel, A., Speleman,
K., Lietaer, C. et al.,, Visualizing in deceased COVID-19 patients how
SARS-CoV-2 attacks the respiratory and olfactory mucosae but spares

the olfactory bulb. Cell 2021. 184: 5932-5949 e5915.

www.eji-journal.eu

7of1

5US01T SUOWLIOD SAIES.D BIGED1Idde 341 AQ POUBA0B 912 ORI VO 581 J0 SN 104 AIRIG 1T 3UIIUO /311 UO (SUOIPUOO-PUE-SULSLIOD"AS | I AR I PU1 U0/ SCY) SUORIPUOD PUE SLLLB L 341385 *[£202/60/22] U0 ARIqITaUIlUO A1 ‘BincstsBiay IS BAIN Ad 052052202 1B/Z00T OT/10pL0a AW K. puljuo//sdiny woiy papeojumoq ‘0 “SFvzst



. 8 of 11 Robert Weissert

17

1

(o]

1

o

2

o

2

-

22

23

24

2

V]

2

(o))

2

N

2

0o

29

30

3

-

3

N

© 2023 The Authors. European Journal of Immunology published by

Flamier, A., Bisht, P, Richards, A., Tomasello, D.L. and Jaenisch, R.
Human iPS cell-derived sensory neurons can be infected by SARS-CoV-2.
iScience. 2023. 26: 107690.

Wolfel, R, Corman, V. M., Guggemos, W., Seilmaier, M., Zange, S., Muller,
M. A.,Niemeyer, D. et al., Virological assessment of hospitalized patients
with COVID-2019. Nature 2020. 581: 465-469.

Khan, M., Clijsters, M., Choi, S., Backaert, W., Claerhout, M., Couvreur, F.,
Van Breda, L. et al., Anatomical barriers against SARS-CoV-2 neuroinva-
sion at vulnerable interfaces visualized in deceased COVID-19 patients.
Neuron 2022. 110: 3919-3935 e3916.

Mele, D., Calastri, A., Maiorano, E., Cerino, A., Sachs, M., Oliviero, B., Man-
tovani, S. et al., High frequencies of functional virus-specific CD4(+) T
cells in SARS-CoV-2 subjects with olfactory and taste disorders. Front
Immunol 2021. 12: 748881.

Finlay, J. B., Brann, D. H., Abi Hachem, R., Jang, D. W,, Oliva, A. D.,Ko, T.,
Gupta, R. et al.,, Persistent post-COVID-19 smell loss is associated with
immune cell infiltration and altered gene expression in olfactory epithe-
lium. Sci Transl Med 2022. 14: eadd0484.

de Melo, G. D., Lazarini, F,, Levallois, S., Hautefort, C., Michel, V., Larrous,
F., Verillaud, B. et al., COVID-19-related anosmia is associated with viral
persistence and inflammation in human olfactory epithelium and brain
infection in hamsters. Sci Transl Med 2021. 13: eabf8396.

Lyoo, K. S., Kim, H. M., Lee, B., Che, Y. H,, Kim, S. J., Song, D., Hwang,
W. et al., Direct neuronal infection of SARS-CoV-2 reveals cellular
and molecular pathology of chemosensory impairment of COVID-19
patients. Emerg Microbes Infect 2022. 11: 406-411.

Varga, Z., Flammer, A. ]., Steiger, P., Haberecker, M., Andermatt, R.,
Zinkernagel, A. S., Mehra, M. R. et al., Endothelial cell infection and
endotheliitis in COVID-19. Lancet 2020. 395: 1417-1418.

Kirschenbaum, D., Imbach, L. L., Rushing, E. J., Frauenknecht, K. B.
M., Gascho, D., Ineichen, B. V., Keller, E. et al., Intracerebral endotheli-
itis and microbleeds are neuropathological features of COVID-19. Neu-
ropathol Appl Neurobiol 2021. 47: 454-459.

Keller, E., Brandi, G., Winklhofer, S., Imbach, L. L., Kirschenbaum, D.,
Frontzek, K., Steiger, P. et al., Large and small cerebral vessel involve-
ment in severe COVID-19: detailed clinical workup of a case series. Stroke
2020. 51: 3719-3722.

Maccio, U., Zinkernagel, A. S., Shambat, S. M., Zeng, X., Cathomas, G.,
Ruschitzka, F., Schuepbach, R. A. et al., SARS-CoV-2 leads to a small ves-
sel endotheliitis in the heart. EBioMedicine 2021. 63: 103182.

Wenzel, J., Lampe, J., Muller-Fielitz, H., Schuster, R., Zille, M., Muller, K.,
Krohn, M. et al., The SARS-CoV-2 main protease M(pro) causes microvas-
cular brain pathology by cleaving NEMO in brain endothelial cells. Nat
Neurosci 2021. 24: 1522-1533.

Lee, M. H,, Perl, D. P, Steiner, J., Pasternack, N., Li, W., Maric, D., Safavi,
F. et al,, Neurovascular injury with complement activation and inflam-
mation in COVID-19. Brain 2022. 145: 2555-2568.

Peiris, S., Mesa, H., Aysola, A., Manivel, J., Toledo, J., Borges-Sa, M.,
Aldighieri, S. et al., Pathological findings in organs and tissues of
patients with COVID-19: A systematic review. PLoS One 2021. 16:
€0250708.

Solomon, I. H., Normandin, E., Bhattacharyya, S., Mukerji, S. S., Keller,
K., Ali, A. S., Adams, G. et al., Neuropathological features of Covid-19. N
Engl J Med 2020. 383: 989-992.

Reichard, R. R., Kashani, K. B., Boire, N. A., Constantopoulos, E., Guo, Y.
and Lucchinetti, C. F.,, Neuropathology of COVID-19: a spectrum of vas-
cular and acute disseminated encephalomyelitis (ADEM)-like pathology.
Acta Neuropathol 2020. 140: 1-6.

Wiley-VCH GmbH.

33

34

35

36

37

38

39

40

41

42

4

w

4

kS

45

46

47

48

49

Eur. J. Immunol. 2023;0:2250230

Matschke, J., Lutgehetmann, M., Hagel, C., Sperhake, J. P., Schroder, A. S.,
Edler, C., Mushumba, H. et al., Neuropathology of patients with COVID-
19 in Germany: a post-mortem case series. Lancet Neurol 2020. 19: 919-
929.

von Weyhern, C. H., Kaufmann, I., Neff, F. and Kremer, M., Early evi-
dence of pronounced brain involvement in fatal COVID-19 outcomes.
Lancet 2020. 395: e109.

Song, E., Zhang, C., Israelow, B., Lu-Culligan, A., Prado, A. V., Skriabine,
S.,Lu, P. et al., Neuroinvasion of SARS-CoV-2 in human and mouse brain.
J Exp Med 2021. 218: €20202135.

Stein, S. R., Ramelli, S. C., Grazioli, A., Chung, J. Y., Singh, M., Yinda, C.
K., Winkler, C. W. et al., SARS-CoV-2 infection and persistence in the
human body and brain at autopsy. Nature 2022. 612: 758-763.

Schwabenland, M., Salie, H., Tanevski, J., Killmer, S., Lago, M. S., Schlaak,
A. E., Mayer, L. et al., Deep spatial profiling of human COVID-19 brains
reveals neuroinflammation with distinct microanatomical microglia-T-
cell interactions. Immunity 2021. 54: 1594-1610 e1511.

Pepe, A, Pietropaoli, S., Vos, M., Barba-Spaeth, G. and Zurzolo, C., Tun-
neling nanotubes provide a route for SARS-CoV-2 spreading. Sci Adv 2022.
8: eabo0171.

Gray-Rodriguez, S., Jensen, M. P., Otero-Jimenez, M., Hanley, B., Swann,
O. C., Ward, P. A, Salguero, F. J. et al., Multisystem screening reveals
SARS-CoV-2 in neurons of the myenteric plexus and in megakaryocytes.
J Pathol 2022. 257: 198-217.

Cama, V. F, Marin-Prida, J., Acosta-Rivero, N., Acosta, E. F.,, Diaz, L. O.,
Casadesus, A. V., Fernandez-Marrero, B. et al., The microglial NLRP3
inflammasome is involved in human SARS-CoV-2 cerebral pathogenic-
ity: A report of three post-mortem cases. J Neuroimmunol 2021. 361:
577728.

Shen, W. B,, Elahi, M., Logue, ]J., Yang, P., Baracco, L., Reece, E. A., Wang,
B. et al., SARS-CoV-2 invades cognitive centers of the brain and induces
Alzheimer’s-like neuropathology. bioRxiv 2022. 6. 2022.01.31.478476.

Charnley, M., Islam, S., Bindra, G. K., Engwirda, J., Ratcliffe, J., Zhou,
J., Mezzenga, R. et al., Neurotoxic amyloidogenic peptides in the pro-
teome of SARS-COV2: potential implications for neurological symptoms
in COVID-19. Nat Commun 2022. 13: 3387.

Nystrom, S. and Hammarstrom, P., Amyloidogenesis of SARS-CoV-2
spike protein. J Am Chem Soc 2022. 144: 8945-8950.

Philippens, 1., Boszormenyi, K. P., Wubben, J. A. M., Fagrouch, Z. C., van
Driel, N., Mayenburg, A. Q., Lozovagia, D. et al., Brain inflammation and
intracellular alpha-synuclein aggregates in macaques after SARS-CoV-2
infection. Viruses 2022. 14: 776.

Brundin, P., Nath, A. and Beckham, J. D., Is COVID-19 a perfect storm for
Parkinson’s disease? Trends Neurosci 2020. 43: 931-933.

Fernandez-Castaneda, A., Lu, P.,, Geraghty, A. C., Song, E., Lee, M. H.,
Wood, J., O'Dea, M. R. et al., Mild respiratory COVID can cause multi-
lineage neural cell and myelin dysregulation. Cell 2022. 185: 2452-2468
e2416.

Pan, R., Zhang, Q., Anthony, S. M., Zhou, Y., Zou, X., Cassell, M. and
Perlman, S., Oligodendrocytes that survive acute coronavirus infection
induce prolonged inflammatory responses in the CNS. Proc Natl Acad Sci
USA2020.117: 15902-15910.

Andrews, M. G., Mukhtar, T., Eze, U. C., Simoneau, C. R., Ross, J., Parik-
shak, N., Wang, S. et al,, Tropism of SARS-CoV-2 for human cortical
astrocytes. Proc Natl Acad Sci USA 2022. 119: €2122236119.

Vankadari, N. and Wilce, J. A., Emerging WuHan (COVID-19) coronavirus:
glycan shield and structure prediction of spike glycoprotein and its
interaction with human CD26. Emerg Microbes Infect 2020. 9: 601-604.

www.eji-journal.eu

85U8017 SUOWILLIOD SAITE8.D 3| [dde ay) Ag peusA0b aJe S3[o1Le YO ‘SN JO Sa|NJ 10} Akeld 17 8UljUO 8|1/ UO (SUONIPUOD-PUR-SUBIW0D B 1M Ale.q 1 pul [UO//:Sd1y) SUONIPUOD Pue SWLB | ay) 89S *[£202/60/22] uo Ariqiauliuo A1 ‘Bingsusbey we1selun Ag 0£2052202 18/200T 0T/I0pAL0d" A8 |imAleld 1 jpuljuo//:sdny wolj pepeojumoqd ‘0 ‘THTFTZST



Eur. J. Immunol. 2023;0:2250230

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

© 2023 The Authors. European Journal of Immunology published by

Proust, A., Queval, C. J., Harvey, R., Adams, L., Bennett, M. and Wilkin-
son, R. J., Differential effects of SARS-CoV-2 variants on central nervous
system cells and blood-brain barrier functions. J Neuroinflammation 2023.
20: 184.

Bhaskar, S., Sinha, A., Banach, M., Mittoo, S., Weissert, R., Kass, J. S.,
Rajagopal, S. et al., Cytokine storm in COVID-19-immunopathological
mechanisms, clinical considerations, and therapeutic approaches: the
REPROGRAM consortium position paper. Front Immunol 2020. 11:
1648.

Sefik, E., Qu, R, Junqueira, C., Kaffe, E., Mirza, H., Zhao, ]J., Brewer, J. R.
et al., Inflammasome activation in infected macrophages drives COVID-
19 pathology. Nature 2022. 606: 585-593.

Heming, M., Li, X., Rauber, S., Mausberg, A. K., Borsch, A. L., Hartlehnert,
M., Singhal, A. et al., Neurological manifestations of COVID-19 feature T
cell exhaustion and dedifferentiated monocytes in cerebrospinal fluid.
Immunity 2021. 54: 164-175 e166.

Yang, A. C., Kern, F, Losada, P. M., Agam, M. R., Maat, C. A., Schmartz,
G. P, Fehlmann, T. et al., Dysregulation of brain and choroid plexus cell
types in severe COVID-19. Nature 2021. 595: 565-571.

Watanabe, R., Wege, H. and ter Meulen, V., Adoptive transfer of
EAE-like lesions from rats with coronavirus-induced demyelinating
encephalomyelitis. Nature 1983. 305: 150-153.

Talbot, P. J., Paquette, J. S., Ciurli, C., Antel, J. P. and Ouellet, F., Myelin
basic protein and human coronavirus 229E cross-reactive T cells in mul-
tiple sclerosis. Ann Neurol 1996. 39: 233-240.

Yong, S. J., Long COVID or post-COVID-19 syndrome: putative patho-
physiology, risk factors, and treatments. Infect Dis (Lond) 2021: 1-18.

Salamanna, F., Veronesi, F., Martini, L., Landini, M. P. and Fini, M., Post-
COVID-19 syndrome: the persistent symptoms at the post-viral stage of
the disease. a systematic review of the current data. Front Med (Lausanne)
2021. 8: 653516.

Selvakumar, J., Havdal, L. B., Drevvatne, M., Brodwall, E. M., Lund Berven,
L., Stiansen-Sonerud, T., Einvik, G. et al., Prevalence and characteristics
associated with post-COVID-19 condition among nonhospitalized ado-
lescents and young adults. JAMA Netw Open 2023. 6: €235763.

Douaud, G., Lee, S., Alfaro-Almagro, F., Arthofer, C., Wang, C., McCarthy,
P, Lange, F. et al., SARS-CoV-2 is associated with changes in brain struc-
ture in UK Biobank. Nature 2022. 604: 697-707.

Mandarano, A. H., Maya, J., Giloteaux, L., Peterson, D. L., Maynard,
M., Gottschalk, C. G. and Hanson, M. R., Myalgic encephalomyeli-
tis/chronic fatigue syndrome patients exhibit altered T cell metabolism
and cytokine associations. J Clin Invest 2020. 130: 1491-1505.

Kubankova, M., Hohberger, B., Hoffmanns, J., Furst, J., Herrmann, M.,
Guck, J. and Krater, M., Physical phenotype of blood cells is altered in
COVID-19. Biophys J 2021. 120: 2838-2847.

Batiha, G. E., Al-Kuraishy, H. M., Al-Gareeb, A. I. and Welson, N. N,,
Pathophysiology of Post-COVID syndromes: a new perspective. Virol J
2022.19: 158.

Wang, E. Y., Mao, T, Klein, J., Dai, Y., Huck, J. D., Jaycox, J. R,, Liu,
F. et al,, Diverse functional autoantibodies in patients with COVID-19.
Nature 2021. 595: 283-288.

Muri, J., Cecchinato, V., Cavalli, A., Shanbhag, A. A., Matkovic, M., Big-
giogero, M., Maida, P. A. et al., Autoantibodies against chemokines post-
SARS-CoV-2 infection correlate with disease course. Nat Immunol 2023.
24: 604-611.

Schweitzer, F., Goereci, Y., Franke, C,, Silling, S., Bosl, F., Maier, F., Heger,
E. et al., Cerebrospinal fluid analysis post-COVID-19 is not suggestive of
persistent central nervous system infection. Ann Neurol 2022. 91: 150-157.

Wiley-VCH GmbH.

67

68

69

70

71

72

73

74

75

76

7

~N

78

79

80

81

82

83

HIGHLIGHTS

Spatola, M., Nziza, N., Jung, W., Deng, Y., Yuan, D., Dinoto, A., Bozzetti, S.
et al., Neurologic sequelae of COVID-19 are determined by immunologic
imprinting from previous coronaviruses. Brain 2023. 10: awad155.

Scheibenbogen, C., Bellmann-Strobl, J. T., Heindrich, C., Wittke, K., Stein,
E. Franke, C., Pruss, H. et al., Fighting post-COVID and ME/CFS - devel-
opment of curative therapies. Front Med 2023. 10: 1194754.

Zhang, Y., Chen, Y, Li, Y, Huang, F, Luo, B., Yuan, Y., Xia, B.
et al, The ORF8 protein of SARS-CoV-2 mediates immune evasion
through down-regulating MHC-Iota. Proc Natl Acad Sci U S A 2021. 118:
e2024202118.

Zhang, F., Zang, T. M., Stevenson, E. M,, Lei, X., Copertino, D. C., Mota,
T. M., Boucau, J. et al., Inhibition of major histocompatibility complex-I
antigen presentation by sarbecovirus ORF7a proteins. Proc Natl Acad Sci U
S A 2022.119: €2209042119.

Arshad, N., Laurent-Rolle, M., Ahmed, W. S., Hsu, J. C., Mitchell, S. M.,
Pawlak, J., Sengupta, D. et al., SARS-CoV-2 accessory proteins ORF7a and
ORF3a use distinct mechanisms to down-regulate MHC-I surface expres-
sion. Proc Natl Acad Sci USA 2023. 120: €2208525120.

Yoo, ]J. S., Sasaki, M., Cho, S. X.,Kasuga, Y., Zhu, B.,Ouda, R., Orba, Y. et al.,
SARS-CoV-2 inhibits induction of the MHC class I pathway by targeting
the STAT1-IRF1-NLRCS5 axis. Nat Commun 2021. 12: 6602.

Onnis, A., Andreano, E., Cassioli, C., Finetti, F., Della Bella, C., Staufer, O.,
Pantano, E. et al., SARS-CoV-2 spike protein suppresses CTL-mediated
killing by inhibiting immune synapse assembly. J Exp Med 2023. 220:
€20220906.

Bruchez, A., Sha, K., Johnson, J., Chen, L., Stefani, C., McConnell, H.,
Gaucherand, L. et al.,, MHC class II transactivator CIITA induces cell resis-
tance to Ebola virus and SARS-like coronaviruses. Science 2020. 370: 241-
247.

Nagler, A., Kalaora, S., Barbolin, C., Gangaev, A., Ketelaars, S. L. C., Alon,
M., Pai, J. et al., Identification of presented SARS-CoV-2 HLA class I and
HLA class II peptides using HLA peptidomics. Cell Rep 2021. 35: 109305.

Weingarten-Gabbay, S., Klaeger, S., Sarkizova, S., Pearlman, L. R., Chen,
D. Y., Gallagher, K. M. E., Bauer, M. R. et al., Profiling SARS-CoV-2 HLA-I
peptidome reveals T cell epitopes from out-of-frame ORFs. Cell 2021. 184:
3962-3980 e3917.

Hollenbach, J. A. and Srivastava, A., The immunogenetics of COVID-19.
Immunogenetics 2022: 1-12.

Parikh, V. N., Ioannidis, A. G., Jimenez-Morales, D., Gorzynski, J. E., De
Jong, H. N, Liu, X., Roque, J. et al., Deconvoluting complex correlates
of COVID-19 severity with a multi-omic pandemic tracking strategy. Nat
Commun 2022. 13: 5107.

Bastard, P., Rosen, L. B., Zhang, Q., Michailidis, E., Hoffmann, H. H.,
Zhang, Y., Dorgham, K. et al., Autoantibodies against type I IFNs in
patients with life-threatening COVID-19. Science 2020. 370: eabd4585.

Manry, J., Bastard, P., Gervais, A., Le Voyer, T., Rosain, J., Philippot, Q.,
Michailidis, E. et al., The risk of COVID-19 death is much greater and
age dependent with type ITFN autoantibodies. Proc Natl Acad Sci USA 2022.
119: e2200413119.

Zhang, Q., Bastard, P, Liu, Z., Le Pen, ]., Moncada-Velez, M., Chen, J.,
Ogishi, M. et al., Inborn errors of type I IFN immunity in patients with
life-threatening COVID-19. Science 2020. 370: eabd4570.

Povysil, G., Butler-Laporte, G., Shang, N., Wang, C., Khan, A., Alaamery,
M., Nakanishi, T. et al., Rare loss-of-function variants in type I IFN immu-
nity genes are not associated with severe COVID-19. J Clin Invest 2021.
131: e147834.

Altmann, D. M. and Boyton, R. J., COVID-19 vaccination: The road ahead.
Science 2022. 375: 1127-1132.

www.eji-journal.eu

90of1

85UBD 17 SUOLUILIOD BANEBI0 BIGEDIAdE BU) Aq POUIBAOE 8.8 ORIV WO 98N JOSINI 0} AIG 17 BUIIUQ AS]INA UO (SUOIPUOD-PLE-SUWLBYWGS A6 1w ARG BUI U0//ScH1l) SUORIPUOD) PLE SIS | 91 388 *[E202/60/22] U0 Aiqi aUIluo /b1 ‘BingsteBoy BeyseAIun Ad 082052202 1B/200T 0T/I0pALIYAB N Ae.q1pujuo//sdny wouj pepeojumoq ‘0 FrtyTzst



M 10 of 11 Robert Weissert

84

85

86

8

~N

88

89

90

91

92

9

w

94

95

96

97

98

99

Wang, Q,, Iketani, S., Li, Z., Liu, L., Guo, Y., Huang, Y., Bowen, A. D. et al.,
Alarming antibody evasion properties of rising SARS-CoV-2 BQ and XBB
subvariants. Cell 2022. 186: 279-286.e8.

Greinacher, A., Thiele, T., Warkentin, T. E., Weisser, K., Kyrle, P. A. and
Eichinger, S., Thrombotic thrombocytopenia after ChAdOx1 nCov-19
vaccination. N Engl J Med 2021. 384: 2092-2101.

Irure-Ventura, J., Belmar-Vega, L., Fernandez-Fresnedo, G., Gonzalez-
Lopez, E., Castro-Hernandez, C., Rodrigo-Calabia, E., Heras-Vicario, M.
etal., Increased induction of de novo serum ANCA and ANCA-associated
vasculitis after mass vaccination against SARS-CoV-2. iScience 2022. 25:
104847.

Quintanilla-Bordas, C., Gascon-Gimenez, F., Alcala, C., Paya, M., Mal-
lada, J., Silla, R., Carratala-Bosca, S. et al., Case report: exacerbation of
relapses following mRNA COVID-19 vaccination in multiple sclerosis: a
case series. Front Neurol 2022. 13: 897275.

Siegler, J. E., Klein, P., Yaghi, S., Vigilante, N., Abdalkader, M., Coutinho,
J. M., Abdul Khalek, F. et al., Cerebral vein thrombosis with vaccine-
induced immune thrombotic thrombocytopenia. Stroke 2021. 52: 3045-
3053.

Sanchez van Kammen, M., Aguiar de Sousa, D., Poli, S., Cordonnier, C.,
Heldner, M. R, van de Munckhof, A., Krzywicka, K. et al., Characteris-
tics and outcomes of patients with cerebral venous sinus thrombosis
in SARS-CoV-2 vaccine-induced immune thrombotic thrombocytope-
nia. JAMA Neurol 2021. 78: 1314-1323.

Alnefeesi, Y., Siegel, A., Lui, L. M. W, Teopiz, K. M., Ho, R. C.
M., Lee, Y., Nasri, F. et al, Impact of SARS-CoV-2 infection on
cognitive function: a systematic review. Front Psychiatry 2020. 11:
621773.

Thakur, K. T., Miller, E. H., Glendinning, M. D., Al-Dalahmah, O., Banu,
M. A,, Boehme, A. K., Boubour, A. L. et al., COVID-19 neuropathology at
Columbia University Irving Medical Center/New York Presbyterian Hos-
pital. Brain 2021. 144: 2696-2708.

Cao, A., Rohaut, B., Le Guennec, L., Saheb, S., Marois, C., Altmayer, V.,
Carpentier, V. T. et al., Severe COVID-19-related encephalitis can respond
to immunotherapy. Brain 2020. 143: e102.

Pilotto, A., Odolini, S., Masciocchi, S., Comelli, A., Volonghi, 1., Gazzina,
S., Nocivelli, S. et al., Steroid-responsive encephalitis in coronavirus dis-
ease 2019. Ann Neurol 2020. 88: 423-427.

Kremer, S., Lersy, F., Anheim, M., Merdji, H., Schenck, M., Oesterle, H.,
Bolognini, F. et al., Neurologic and neuroimaging findings in patients
with COVID-19: A retrospective multicenter study. Neurology 2020. 95:
€1868-e1882.

Moriguchi, T., Harii, N., Goto, J., Harada, D., Sugawara, H., Takamino,
J., Ueno, M. et al, A first case of meningitis/encephalitis asso-
ciated with SARS-Coronavirus-2. Int J Infect Dis 2020. 94: 55-
58.

Khodamoradi, Z., Hosseini, S. A., Gholampoor Saadi, M. H., Mehrabi, Z.,
Sasani, M. R. and Yaghoubi, S., COVID-19 meningitis without pulmonary
involvement with positive cerebrospinal fluid PCR. Eur J Neurol 2020. 27:
2668-2669.

Huang, C., Wang, Y., Li, X, Ren, L., Zhao, J., Hy, Y., Zhang, L. et al., Clini-
cal features of patients infected with 2019 novel coronavirus in Wuhan,
China. Lancet 2020. 395: 497-506.

Kotfis, K., Williams Roberson, S., Wilson, J. E., Dabrowski, W., Pun, B. T.
and Ely, E. W., COVID-19: ICU delirium management during SARS-CoV-2
pandemic. Crit Care 2020. 24: 176.

Lu, L., Xiong, W, Liu, D, Liu, J, Yang, D., Li, N, Mu, J. et al,
New onset acute symptomatic seizure and risk factors in coronavirus
disease 2019: A retrospective multicenter study. Epilepsia 2020. 61:
e49-e53.

© 2023 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH.

100

101

102

103

105

106

107

108

109

110

111

112

113

114

115

11

[}

117

Eur. J. Immunol. 2023;0:2250230

Mithani, F.,, Poursheykhi, M., Ma, B., Smith, R. G., Hsu, S. H. and Gotur,
D., New-onset seizures in three COVID-19 patients: a case series. J Clin
Neurophysiol 2021. 38: e5-e10.

Beyrouti, R., Adams, M. E., Benjamin, L., Cohen, H., Farmer, S. F., Goh,
Y. Y., Humphries, F. et al., Characteristics of ischaemic stroke associated
with COVID-19. J Neurol Neurosurg Psychiatry 2020. 91: 889-891.

Yaghi, S., Ishida, K., Torres, J., Mac Grory, B., Raz, E., Humbert, K., Hen-
ninger, N. et al., SARS-CoV-2 and stroke in a New York Healthcare Sys-
tem. Stroke 2020. 51: 2002-2011.

Cavalcanti, D. D., Raz, E., Shapiro, M., Dehkharghani, S., Yaghi, S., Lille-
moe, K., Nossek, E. et al., Cerebral venous thrombosis associated with
COVID-19. AJNR Am J Neuroradiol 2020. 41: 1370-1376.

Kishfy, L., Casasola, M., Banankhah, P., Parvez, A.,Jan, Y.]., Shenoy, A. M.,
Thomson, C. et al. Posterior reversible encephalopathy syndrome (PRES)
as a neurological association in severe Covid-19. J Neurol Sci 2020. 414:
116943.

Coolen, T., Lolli, V., Sadeghi, N., Rovai, A., Trotta, N., Taccone, F. S., Cre-
teur, J. et al., Early postmortem brain MRI findings in COVID-19 non-
survivors. Neurology 2020. 95: e2016-e2027.

Huber, M., Rogozinski, S., Puppe, W., Framme, C., Hoglinger, G.,
Hufendiek, K. and Wegner, F., Postinfectious onset of myasthenia gravis
in a COVID-19 patient. Front Neurol 2020. 11: 576153.

Restivo, D. A., Centonze, D., Alesina, A. and Marchese-Ragona, R., Myas-
thenia gravis associated with SARS-CoV-2 infection. Ann Intern Med 2020.
173: 1027-1028.

Zhao, H., Shen, D., Zhou, H., Liu, J. and Chen, S., Guillain-Barre syndrome
associated with SARS-CoV-2 infection: causality or coincidence? Lancet
Neurol 2020. 19: 383-384.

Toscano, G., Palmerini, F., Ravaglia, S., Ruiz, L., Invernizzi, P., Cuzzoni, M.
G., Franciotta, D. et al., Guillain-Barre syndrome associated with SARS-
CoV-2. N Engl J Med 2020. 382: 2574-2576.

Dinkin, M., Gao, V., Kahan, J., Bobker, S., Simonetto, M., Wechsler, P.,
Harpe, J. et al., COVID-19 presenting with ophthalmoparesis from cra-
nial nerve palsy. Neurology 2020. 95: 221-223.

Gutierrez-Ortiz, C., Mendez-Guerrero, A., Rodrigo-Rey, S., San Pedro-
Murillo, E., Bermejo-Guerrero, L., Gordo-Manas, R., de Aragon-Gomez,
F. et al., Miller Fisher syndrome and polyneuritis cranialis in COVID-19.
Neurology 2020. 95: e601-e605.

Emamikhah, M., Babadi, M., Mehrabani, M., Jalili, M., Pouranian, M.,
Daraie, P., Mohaghegh, F. et al., Opsoclonus-myoclonus syndrome, a
post-infectious neurologic complication of COVID-19: case series and
review of literature. J Neurovirol 2021. 27: 26-34.

Werner, J., Reichen, 1., Huber, M., Abela, I. A., Weller, M. and Jelcic, I.,
Subacute cerebellar ataxia following respiratory symptoms of COVID-
19: a case report. BMC Infect Dis 2021. 21: 298.

Chan, J. L., Murphy, K. A. and Sarna, J. R., Myoclonus and cerebellar
ataxia associated with COVID-19: a case report and systematic review. J
Neurol 2021. 68: 3517-3548.

Moreno-Escobar, M. C., Kataria, S., Khan, E., Subedi, R., Tandon, M.,
Peshwe, K., Kramer, J. et al., Acute transverse myelitis with Dysautono-
mia following SARS-CoV-2 infection: a case report and review of litera-
ture. J Neuroimmunol 2021. 353: 577523.

Pizzanelli, C., Milano, C., Canovetti, S., Tagliaferri, E., Turco, F., Verdenelli,
S.,Nesti, L. et al., Autoimmune limbic encephalitis related to SARS-CoV-
2 infection: Case-report and review of the literature. Brain Behav Immun
Health 2021. 12: 100210.

Valencia Sanchez, C., Theel, E., Binnicker, M., Toledano, M. and McK-
eon, A., Autoimmune encephalitis after SARS-CoV-2 infection: case fre-
quency, findings, and outcomes. Neurology 2021. 97: €2262-e2268.

www.eji-journal.eu

85U8017 SUOWILLIOD SAITE8.D 3| [dde ay) Ag peusA0b aJe S3[o1Le YO ‘SN JO Sa|NJ 10} Akeld 17 8UljUO 8|1/ UO (SUONIPUOD-PUR-SUBIW0D B 1M Ale.q 1 pul [UO//:Sd1y) SUONIPUOD Pue SWLB | ay) 89S *[£202/60/22] uo Ariqiauliuo A1 ‘Bingsusbey we1selun Ag 0£2052202 18/200T 0T/I0pAL0d" A8 |imAleld 1 jpuljuo//:sdny wolj pepeojumoqd ‘0 ‘THTFTZST



Eur. J. Immunol. 2023;0:2250230

118 Palao, M., Fernandez-Diaz, E., Gracia-Gil, J.,, Romero-Sanchez, C. M., Diaz-
Maroto, I. and Segura, T., Multiple sclerosis following SARS-CoV-2 infec-
tion. Mult Scler Relat Disord 2020. 45: 102377.

119 Jumah, M., Rahman, F., Figgie, M., Prasad, A., Zampino, A., Fadhil, A,
Palmer, K. et al., COVID-19, HHV6 and MOG antibody: a perfect storm. J
Neuroimmunol 2021. 353: 577521.

120 Shahmirzaei, S. and Naser Moghadasi, A., Association of COVID-
19 and acute disseminated encephalomyelitis (ADEM) in the
absence of pulmonary involvement. Autoimmun Rev 2021. 20:
102753.

121 Delamarre, L., Gollion, C. Grouteau, G., Rousset, D., Jimena, G.,
Roustan, J., Gaussiat, F. et al, COVID-19-associated acute necrotis-
ing encephalopathy successfully treated with steroids and polyvalent
immunoglobulin with unusual IgG targeting the cerebral fibre network.
J Neurol Neurosurg Psychiatry 2020. 91: 1004-1006.

122 Llorente Ayuso, L., Torres Rubio, P., Beijinho do Rosario, R. F., Giganto
Arroyo, M. L. and Sierra-Hidalgo, F., Bickerstaff encephalitis after COVID-
19. J Neurol 2020. 268: 2035-2037.

© 2023 The Authors. European Journal of Immunology published by
Wiley-VCH GmbH.

HIGHLIGHTS 11 of 1

Abbreviations: ACE2: angiotensin-converting enzyme 2 - COVID-
19: coronavirus disease 19 - CSF: cerebro-spinal fluid - HLA:
human leukocytes antigen - MHV: mouse hepatitis virus - ORF:
open reading frames - SARS-CoV-2: severe acute respiratory syn-
drome coronavirus 2

Full correspondence: Dr. Robert Weissert, Department of Neurology,
University of Regensburg Hospital, Universititsstrasse 84, 93053
Regensburg, Germany

e-mail: robert.weissert@ukr.de

Received: 22/1/2023

Revised: 5/8/2023

Accepted: 20/9/2023

Accepted article online: 21/9/2023

www.eji-journal.eu

85UBD 17 SUOLUILIOD BANEBI0 BIGEDIAdE BU) 4] POUIBAOE 828 ORIV WO 98N JOSINI 0} ARG 17 BUIIUQ AS]INA UO (SUOHIPUOD-PLE-SUWLBYWGR A6 1w ARG IBUI U0//ScHIY) SUORIPUOD) PLE SWLB | 9U) 385 *[E202/60/22] U0 Aiqi aUIlu /511 ‘BingsteBoy BeyseAIuN Ad 082052202 1B/200T 0T/I0pALIYAB N AIe.q1pujuo//Sdny wous pepeojumoq ‘0 FrtyTzst



