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Chapter 5

A Molecular Biomarker-Based Triage
Approach for Targeted Treatment

of Post-COVID-19 Syndrome Patients
with Persistent Neurological

or Neuropsychiatric Symptoms

Paul C. Guest, Alexandra Neyazi, Riidiger C. Braun-Dullaeus,
Patrick Miiller, Jens Schreiber, Aiden Haghikia, Veronika Vasilevska,
and Johann Steiner

Abstract Approximately 30% of COVID-19 cases may experience chronic symp-
toms, known as post-COVID-19 syndrome (PCS). Common PCS symptoms can
include fatigue, cognitive impairment, and persistent physical, neurological, and
neuropsychiatric complaints. To improve healthcare and management of the current
and future pandemics, we highlight the need for establishing interdisciplinary post-
viral outpatient clinics comprised of specialists in fields such as psychiatry, psycho-
therapy, neurology, cardiology, pneumology, and immunology. In this way, PCS
patients with a high health burden can receive modern diagnostics and targeted
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therapeutic recommendations. A key objective is to distinguish the “sick recovered”
from the “healthy recovered.” Our hypothesis is that there is a PCS subgroup with
autoimmune-mediated systemic and brain-vascular dysregulation, which may lead
to circulatory disorders, fatigue, cognitive impairment, depression, and anxiety.
This can be clarified using a combination of specific antibody diagnostics and pre-
cise clinical, psychological, and apparative testing.

Keywords COVID-19 - SARS-CoV-2 - Post-COVID-19 syndrome - PCS -
Autoimmune - Autoantibodies - Neuropsychiatric complaints
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1 Introduction

Although there have been over 600 million confirmed cases of coronavirus 2019
(COVID-19) worldwide [1], estimates indicate that the actual proportion is consid-
erably higher. From March 2020 to the appearance of the omicron variant (B.1.1.529)
towards the end of 2021, a statistical analysis of 190 countries and territories indi-
cated that approximately 3.4 billion people (almost 44% of the world population)
had been infected at least once by the severe acute respiratory syndrome coronavi-
rus-2 (SARS-CoV-2), the pathogen responsible for COVID-19 disease [2]. A later
figure was produced using the Institute for Health Metrics and Evaluation Model,
which showed that the infection rate had increased to approximately 4.5 billion
people (approximately 57% of the world population) by the end of January 2022
[3]. There has also been a high proportion of the population who were re-infected,
particularly during the recent omicron waves [4—7]. This is likely to be due to the
increased infectivity and enhanced ability of the omicron variant to evade the
immune system.

Approximately one-third of COVID-19 cases may experience chronic symptoms,
known as post-COVID-19 syndrome (PCS) [8, 9]. According to National Institute
for Health and Care Excellence (NICE) definition, this syndrome is characterized as
“signs and symptoms that develop during or after an infection consistent with
COVID-19, continue for more than 12 weeks and are not explained by an alternative
diagnosis” [10]. A similar clinical case definition was also put forward by the World
Health Organization (WHO) [11]. However, the clinical characterization is not uni-
form, and the time criteria may be misleading as PCS may present with a variety of
overlapping symptoms, which can fluctuate and have negative impact on many parts
of the body. Common symptoms of PCS can include fatigue, cognitive impairment,
as well as lasting physical and neurological or neuropsychiatric complaints [12, 13].
A meta-analysis of 68 studies comprising over 25,000 cases found that the percent-
age of people experiencing fatigue for 12 or more weeks after a COVID-19 diagno-
sis was 32% [14]. The same investigation also used a narrative synthesis of 43 studies
encompassing more than 13,000 individuals, which found that 22% of these indi-
viduals exhibited cognitive impairment, as determined by a validated tool for perfor-
mance-based cognitive function, clinical diagnostics, or self-report.

Although the precise cause of PCS is still not clear, many cases are associated
with persistence of a proinflammatory state that may lead to an autoimmune
response [15-17]. In the most severe cases of PCS, the latency in the effects on vari-
ous organ systems resembles the course of post-infectious autoimmune diseases. As
with other viral diseases, various auto-antibody-mediated syndromes such as
N-methyl-D-aspartate receptor/contactin-associated protein-like 2 (NMDAR/
Caspr2)-associated brain inflammation, Guillain-Barré syndrome, myasthenia, vas-
culitis, or postural tachycardia syndrome have been observed after SARS-COV-2
infections [18, 19].

In this paper, we review the mechanisms underlying PCS as it relates to a pro-
inflammatory, autoimmune phenotype, and we describe potential treatment avenues
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based on these observations. We believe that surveillance gained from clinical expe-
rience during rehabilitation of PCS patients might allow identification of subgroups
with similar disease mechanisms, which could inform treatment options. Finally,
we highlight the need for dedicated interdisciplinary post-viral outpatient clinics so
that PCS patients with a high health burden can receive modern diagnostics and
targeted therapeutics.

2 The SARS-CoV-2 Structure and Molecular Mimicry

The SARS-CoV-2 structure is shown in Fig. 5.1. The key features include an encap-
sulated positive-sense RNA genome consisting of approximately 30 kilobases, an
enveloped structure containing a nucleocapsid (N) protein which stabilizes the
genomic RNA, envelope (E) and membrane (M) proteins, and exterior projections
of multiple spike (S) proteins that drive the attachment and infection process of host
cells [20-22]. The first 70% of the genome encodes two macro polypeptides termed
laand 1b. These undergo auto-proteolysis resulting in the production of the 16 non-
structural proteins (NSPs) with various functions involved in the infection and rep-
lication processes [23, 24]. The remaining 30% of the genome encodes the major
structural proteins S, E, M, and N, as well as the accessory proteins encoding by
ORFs 3a, 6, 7a, 7b, 8, 9b, and 10 (Table 5.1) [25, 26].

As with many other environmental factors, viruses such as Epstein-Barr virus
(EBV), cytomegalovirus (CMV), human immunodeficiency virus (HIV), and
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Fig. 5.1 (a) Schematic diagram of SARS-CoV-2 structure. (b) Structure of SARS-CoV-2 RNA
showing open reading frames (ORFs), non-structural proteins (NSPs), spike (S), envelope (E),
membrane (M), and nucleocapsid (N) proteins
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Table 5.1 SARS-CoV-2 proteins and functions

Protein Function

NSP1 Inhibits gene expression and degrades mRNA in host

NSP2 Disruption of cell cycle to alter host cell environment

NSP3 Papain-like protease in viral replication, forms NSP3,4.,6
complex

NSP4 Probable membrane function, forms NSP3,4,6 complex

NSP5 3CL-like protease involved in proteolytic maturation of NSP
proteins

NSP6 Forms NSP3,4,6 complex

NSP7 Forms NSP7,8 complex with NSP12 (RNA polymerase)

NSP8 Forms NSP8,12 complex (RNA polymease complex)

NSP9 Binds single stranded RNA in viral replication

NSP10 Interacts with NSP14 and stimulates methyltransferase

NSPI11 Unknown

NSP12 RNA polymerase, forms NSP7,8,12 complex

NSP13 RNA helicase

NSP14 Exoribonuclease and N7-methyltransferase

NSP15 Endoribonuclease

NSP16 2’-O-methyltransferase in mRNA translation

S Spike protein — binds virus to host cell

E Envelope protein — creates ion channel in host cell

M Membrane protein — viral assembly

N Nucleocapsid protein — stabilizes viral RNA

Orf3a Ton channel involved in NLRP3 inflammasome

Orf3b

Orf6 Type I interferon antagonist involved in induced apoptosis

Orf7a Transmembrane protein involved in induced apoptosis

Orf7b

Orf8

Orf9b Type I interferon antagonist

Orf9c

Orf10

NSP non-structural protein, S spike, E envelope, M membrane, N nucleocapsid, Orf open read-
ing frame

SARS-CoV-2 can contribute to production of an autoimmune response in the host
[18]. Yapici-Eser et al. described how some of the neuropsychiatric and other symp-
toms of COVID-19 disease may be explained by SARS-CoV-2 protein mimicry of
multiple host protein interactions, including those involved in neuronal functions.
These can include targets such as G protein-coupled receptor (GPCR; e.g.,
B-adrenergic, serotonin and dopamine receptors) and ion channel receptor (e.g.,
NMDARSs) signaling pathways (Fig. 5.2a) [27]. This means that the SARS-CoV-2
antigens share similarities with endogenous host antigens. Many of these SARS-
CoV-2 proteins are also capable of mimicking interactions for synaptic, mitochon-
drial, and inflammatory functions (Table 5.2) [27]. Another computational study
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Fig. 5.2 (a) Possible pathophysiology of autoimmune response against host GPCR and ion channel
receptors in the brain induced by SARS-CoV-2 infection. Viral particles in the bloodstream are rec-
ognized by T cells, leading to B-cell activation and sequential production of IgM and IgG antibodies
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identified molecular mimicry hotspots in the S protein which shared antibody bind-
ing motifs with thrombopoietin, linked with blood coagulation, and tropomyosin,
associated with cardiac health, and multiple other proteins involved in platelet acti-
vation and calcium regulation (Fig. 5.2b) [28]. In line with this, several studies have
detected circulating autoantibodies in serum from COVID-19 patients with pro-
thrombotic [29, 30] and hemolytic [31] activities, as well as those suspected of hav-
ing damaging effects against the vascular endothelium [32] and smooth muscle
[33, 34].

We recently proposed that mimicry of SARS-CoV-2 NSP8 and NSP9 with
NMDAR NRI and NR2A subunit epitopes may lead to autoimmune responses
against these receptors in the brain as a potential cause of anti-NMDAR encephalitis
[19]. This condition is an autoimmune disorder characterized by neurological and
psychosis-like symptoms [35]. In our study, we identified eight SARS-CoV-2 cases
with signs of anti-NMDAR encephalitis [19]. All of these patients had antibodies
against the NMDAR in their cerebrospinal fluid (CSF) and showed a recent onset of
deficits in working memory, mental status, or neuropsychiatric symptoms such as
confusion, agitation, hallucination, or catatonia. Interestingly, all patients showed
improvement after receiving steroid-based and immunoglobulin treatments. This
suggested that there is considerable scope for effective treatments that can reduce
PCS neurological symptoms.

There has now been a number of reports of neurological and neuropsychiatric
conditions resulting from COVID-19 infections. One study showed that 39 out of
125 COVID-19 cases with such symptoms presented with altered mental status and
23 of these fit the definitions for either recent-onset psychosis, neurocognitive
decline, or an affective disorder [36]. In a study on the effects of COVID-19 infec-
tion on brain pathology, Donaud et al. investigated brain changes in 401 individuals
who were scanned by magnetic resonance imaging (MRI) before and after testing
positive for a COVID-19 infection [37]. This revealed a significant reduction in gray
matter thickness and tissue contrast in the orbitofrontal cortex and parahippocampal
gyrus, as well as changes in biomarkers of tissue damage in olfactory regions. The
researchers also found a reduction in global brain size in COVID-19 cases compared
to controls, and PCS patients showed a cognitive decline between the two scans.
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<

Fig. 5.2 (continued) against the SARS-CoV-2 NSPs, as well as the S, E, M, and N proteins. The
SARS-CoV-2-mediated endothelitis and production of IL-17 by activated T cells disrupt the blood-
brain barrier, allowing these antibodies to enter the CNS. The release of IL-6 alters glial cell activity,
leading to neutrophil migration, inflammation, and further BBB damage. Antibodies produced
against the SARS-CoV-2 proteins produced by plasma cells in the central nervous system can cross-
react as auto-antibodies with the brain receptors indicated in Table 5.2, leading to neurological and
neuropsychiatric manifestations. BBB: blood-brain barrier; CNS: central nervous system; NSP:
non-structural proteins. (b) Possible pathophysiological autoimmune response following SARS-
CoV-2 infection against smooth muscle, endothelial proteins, phospholipids, membrane receptors
and components of inflammatory pathways via mimicry of viral proteins, leading to thrombus for-
mation in blood vessels in the brain and disruption of blood supply. RBC = red blood cell
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Table 5.2 SARS-CoV-2 proteins which may act as molecular mimics of host protein interactions
linked to neuropsychiatric diseases

Interacting SARS-COV-2

Code Name protein

AA2AR | Adenosine receptor A2a NSP5, NSP7, N

ACES | Acetylcholinesterase S

ACHA? | Neuronal acetylcholine receptor alpha-2 NSP5

ACHA4 | Neuronal acetylcholine receptor alpha-4 NSP5, NSP7, S

ACHB?2 | Neuronal acetylcholine receptor beta-2 NSP7, S

AL1A3 | Aldehyde dehydrogenase 1A3 NSP10

AL4A1 | D-1-pyrroline-5-carboxylate dehydrogenase, NSP5

mitochondrial

AL7A1 | Alpha-aminoadipic semialdehyde dehydrogenase NSP5

ARHGI1 | Rho guanine nucleotide exchange factor 1 NSP8, N

CACIC | Alpha-1C NSP5, NSP7, NSP10, S

CACID | Voltage-dependent L-type calcium channel alpha-1D NSP8

CALMI1 | Calmodulin-1 NSP5, NSP7, NSPS,
NSP9, NSP10, S

CALM2 | Calmodulin-2 NSP3, NSP7, NSPS,
NSP9

CBP CREB-binding protein NSP7, NSP8

CDKS5 | Cyclin-dependent-like kinase 5 NSP10, S

CHLE | Cholinesterase NSP5

CNGA3 | Cyclic nucleotide-gated cation channel alpha-3 NSP10, S

CREBI | Cyclic AMP-responsive element-binding protein 1 NSP5, NSP7, NSP9, S

DCHS | Histidine decarboxylase NSP5

DOPO | Dopamine beta-hydroxylase NSP10

DRD2 | D2 dopamine receptor NSP7, NSP8

EP300 | Histone acetyltransferase p300 NSP7, NSP8, NSP10,
NSP16, S

GABRI1 | Gamma-aminobutyric acid B receptor 1 NSP3, NSP5, NSP7, S

GABR2 | Gamma-aminobutyric acid B receptor 2 NSP3, NSP9, S

GBB1 | Guanine nucleotide-binding protein G(I)/G(S)/G(T) beta-1 | NSP8, S

GBG2 | Guanine nucleotide-binding protein G(I)/G(S)/G(O) NSP8

gamma-2

GBRA1 | Gamma-aminobutyric acid receptor alpha-1 S

GBRB2 | Gamma-aminobutyric acid receptor beta-2 NSPS5, S

GBRB3 | Gamma-aminobutyric acid receptor beta-3 NSP5, NSP7, S

GBRG?2 | Gamma-aminobutyric acid receptor gamma-2 NSP5

GCR Glucocorticoid receptor NSP7, S

GLRAL1 | Glycine receptor subunit alpha-1 S

GLRA3 | Glycine receptor subunit alpha-3 NSP5, NSP7, S

GNAIl | Guanine nucleotide-binding protein G(i) subunit alpha-1 | NSP7

GNAI3 | Guanine nucleotide-binding protein G(k) alpha NSP7

GPSM2 | G-protein-signaling modulator 2 NSP8, S

GRB2 | Growth factor receptor-bound protein 2 NSP5

GRIA2 | Glutamate receptor 2 NSP7

GRM1 | Metabotropic glutamate receptor 1 NSP5, NSP12

(continued)
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Interacting SARS-COV-2

Code Name protein

GRM2 | Metabotropic glutamate receptor 2 NSP16

GRM5 | Metabotropic glutamate receptor 5 NSP7

GRMS8 | Metabotropic glutamate receptor 8 NSP7, NSP8, NSP12, S

GRP1 | RAS guanyl-releasing protein 1 S,N

GSK3B | Glycogen synthase kinase-3 beta NSP10, NSP15

HVCNI1 | Voltage-gated hydrogen channel 1 S

KAP1 | cAMP-dependent protein kinase I-beta regulatory subunit | NSP8

KAP2 | cAMP-dependent protein kinase II alpha regulatory S
subunit

KCC2A | Calcium/calmodulin-dependent protein kinase II alpha N

KCC2D | Calcium/calmodulin-dependent protein kinase II delta NSP3, NSP5, NSP7,

NSP8, NSP16

KCJ11 | ATP-sensitive inward rectifier potassium channel 11 NSP7, NSP8

KCNHI | Potassium voltage-gated channel subfamily H1 NSP8

KCNN4 | Intermediate conductance calcium-activated potassium NSP9, NSP12, S
channel protein 4

KCNQI1 | Potassium voltage-gated channel subfamily KQT1 NSP7, NSPS, S

KCNQ?2 | Potassium voltage-gated channel subfamily KQT2 NSP8

KCNQ#4 | Potassium voltage-gated channel subfamily KQT4 NSP8

KPCG | Protein kinase C gamma type NSP5

MCR Mineralocorticoid receptor NSP8

MTOR | Serine/threonine-protein kinase mTOR NSP7, NSP8, S

NMDE] | Glutamate receptor ionotropic, NMDA 2A NSP9

NMDZ1 | Glutamate receptor ionotropic, NMDA 1 NSP8

NNMT | Nicotinamide N-methyltransferase S

PENK | Proenkephalin-A NSP5, NSP12

PHKG?2 | Phosphorylase b kinase gamma catalytic chain, liver/ NSP5, NSP16
testis isoform

PLCE1 | I-Phosphatidylinositol 4,5-bisphosphate NSP5
phosphodiesterase epsilon-1

PLCG1 | I-Phosphatidylinositol 4,5-bisphosphate NSP5, NSP7, NSP8
phosphodiesterase gamma- 1

PLCG2 | I-Phosphatidylinositol 4,5-bisphosphate NSP5, NSP8, NSP16
phosphodiesterase gamma-2

PYGL | Glycogen phosphorylase, liver form NSP5

RAPIA | Ras-related protein Rap-1A NSP7

RAPI1B | Ras-related protein Rap-1b NSP3, NSP7

RGS16 | Regulator of G-protein signaling 16 NSP7, S

RHOA | Transforming protein RhoA NSP3, NSP8, NSP10, S

RPGP1 |Rapl GTPase-activating protein 1 NSP5

SCNS5A | Sodium channel protein 5 alpha NSP5, NSP7, NSP9, NSP12

SYUA | Alpha-synuclein NSP5, NSP7

TPH2 | Tryptophan 5-hydroxylase 2 S

TRPM4 | Transient receptor potential cation channel M 4 NSP7, S

TY3H | Tyrosine 3-monooxygenase NSP7, NSP9

VDACI1 | Voltage-dependent anion-selective channel protein 1 NSP7, NSP8, S
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3 Autoantibodies in PCS

In order to increase our understanding of neuropsychiatric conditions in PCS, anal-
yses of autoimmune disorders of vascular regulation and the autonomic nervous
system may be required. Although autoantibodies against GPCRs and ion channel
receptors have been detected in COVID-19 disease, these have not been systemati-
cally studied in PCS. The presence of antibodies against a- and p-adrenergic, M1,
M2, M3, M4, and M5 muscarinic acetylcholine, angiotensin II, and endothelin-A
receptors could explain many of the symptoms such as peripheral and cerebral
blood flow disturbances, cardiac arrhythmias, consequent chronic fatigue, as well as
cognitive, depressive, and anxiety disorders [18, 38, 39]. To characterize such PCS
cases, differential diagnosis at the clinical level is crucial to differentiate these from
non-COVID-19 related mental disorders, intensive care unit (ICU) complications,
reduced general conditions, or cardiac, respiratory, or renal insufficiencies.

Wallukat et al. investigated the association of neurological or cardiac symptoms
with the presence of functionally active autoantibodies against GPCRs, following
the acute phase of COVID-19 infection in 31 patients [40]. They found that 29 of
the patients showed a spectrum of neurological symptoms such as fatigue, alopecia,
and attention deficits, and 17 patients showed a combination of neurological and
cardiovascular symptoms. Screening in rat neonatal cardiomyocytes revealed the
presence of two to seven different GPCR autoantibodies, some of which either
increased (angiotensin II type 1 receptor, al-adrenoceptor, (2-adrenoceptor,
nociceptin-like opioid receptor) or decreased (muscarinic M2-receptor, MAS-
receptor, endothelin type A receptor) the heart rate. In each case, the antibodies
targeted the extracellular domains of the receptors.

A recent study investigated the association of autoantibodies against GPCRs
with impaired retinal microcirculation in PCS [41]. All 42 PCS patients showed
seropositivity for different autoantibodies against GPCRs, while none of the con-
trols (n = 6) did. Furthermore, a decrease in retinal vessel density was associated
with autoantibodies targeting the adrenergic f2, MAS, angiotensin-II-type-1, and
al adrenergic receptors. This suggests the possibility that techniques such as optical
coherence tomography (OCT) may be useful clinical tools to search for such vascu-
lar dysregulations in the retina of PCS patients [42]. Furthermore, analyses of the
blood vessels of the retina and optic nerve using OCT may lead to useful insights
into the vascularization of the brain since many neurological diseases have early
retinal manifestations [43, 44].

4 Autoantibody Screening and Treatment Options for PCS

Our investigation of anti-NMDAR encephalitis patients described above demon-
strated the importance of early detection using antibody diagnostic screening in
severe cases of COVID-19 infection [19]. We also suggest the use of
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electroencephalography (EEG) and CSF testing for detection of autoimmune
encephalitis. Confirmed positive cases could be treated with immunotherapeutics to
prevent severe neurological impairments. However, this will first require testing in
large randomized trials to show that these therapies help in PCS. There are available
screening panels for PCS patients to test for the presence of autoantibodies. This
includes assays from CellTrend (Berlin, Germany) which test for antibodies against
the M1, M2, and M5 muscarinic acetylcholine receptors, the a1- and a2- adrenergic
receptors, as well as the angiotensin-II-receptor-1(AT1R) and the endothelin A
receptor [45]. In addition, EUROIMMUN (Liibeck, Germany) offers tests for auto-
antibodies against other neurological/neuropsychiatric-related markers such as the
NMDAR as well as for components of myelin and the a-amino-3-hydroxy-5--
methyl-4-isoxazolepropionic acid (AMPA) and gamma-aminobutyric acid (GABAg)
receptors [46].

A case report from the eye clinic of the University Hospital of Friedrich-
Alexander-Universitit (FAU) gave cause for optimism that there may soon be an
effective therapeutic intervention for PCS [47]. This study showed that a 59-year-
old man who had been suffering from PCS was discharged symptom-free after
treatment with the active substance BC 007. This compound acts to bind autoanti-
bodies against GPCRs, including the al-, f1-, and f2-adrenergic receptors, as well
as the endothelin-A receptor, which have been implicated cardiomyopathies [48,
49]. The treatment led to an improvement in this patient in symptoms such as con-
centration and sense of smell, as well as blood flow in the eyes. Since this time, two
further patients treated with this compound have shown improvements in their PCS
symptoms [50]. Other potential treatments which have shown successful outcomes
in autoimmune conditions include intravenous immunoglobulin infusion, which
provides passive immune protection against multiple pathogens [51, 52] and extra-
corporeal apheresis [53].

5 The Case for More Studies on PCS

To improve outcomes in patients with PCS, we propose that there is an urgent need
for establishment of interdisciplinary outpatient clinics dedicated to this purpose.
This platform will also enable carrying out research to determine the frequency of
autonomic and vascular dysregulation mediated by autoantibodies in patients with
post-COVID syndrome compared to those without. For example, we propose such
a clinic should perform accurate neuropsychiatric and autonomic phenotyping to
increase our understanding of autoimmunity associated with the clinical presenta-
tion and complaint patterns.
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Table 5.3 (a) General aims of the interdisciplinary outpatient clinic dedicated to improving
outcomes in patients with PCS. (b) Scientific and technical aims

Aim | (a) General objectives

1 Improvement of health care for PCS patients with neuropsychiatric and neurological
impairments

2 Identification of a PCS subgroup with GPCR or ion channel receptor autoantibodies and
correlation with autonomic dysfunction and neuropsychiatric/neurological symptoms

3 Development of a staged diagnostic and treatment scheme for autoimmune-mediated PCS

Aim | (b) Scientific and technical objectives

1 Establishing an interdisciplinary collaboration of different clinical specialities since
COVID-19 can affect many organ systems

2 | Neuropsychiatric and vascular phenotyping of patients with/without GPCR or ion channel
receptor autoantibodies

3 Identification of risk profiles and resilience factors (e.g., stress, autoimmune or mental
health history, predisposition) by comparing patients with and without PCS

4 | Establishment of a clinical diagnostic scheme guided by “alarm symptoms” to identify
inflammatory PCS subtypes with vascular dysregulation

5 Determination of the most appropriate treatment options based on symptoms and
autoantibody screening results

5.1 The Need for Dedicated PCS Outpatient Clinics: Using
Saxony-Anhalt as an Example

As of April 6, 2022, more than 625 thousand COVID-19 infections were detected in
Saxony-Anhalt, Germany, out of approximately 2.2 million inhabitants (around
30% of the population) [54]. From this number, it is expected that 30% of the
infected group will experience late and long-term health effects, based on data from
the REACT-2 study in England [55]. As with many other regions in Germany and
other countries, rehabilitation clinics in Saxony-Anhalt have been stretched to their
capacity, and there is only one PCS outpatient clinic at Klinikum Bergmannstrost
Halle [56]. Furthermore, only a small proportion of rehabilitation clinics with PCS
experience and university research hospitals have shown effective interactions. The
specific aims of a proposed clinic are indicated in Table 5.3. Using this interdisci-
plinary approach, we aim to test the hypothesis that there is a PCS subgroup with
antibody-mediated vascular dysregulation that differs from other PCS cases and
healthy recovered patients.

5.2 Proposed Methodology for Interdisciplinary PCS
Outpatient Clinic

In our case, patient recruitment will occur via university hospital and rehabilitation
clinics at Bad Salzelmen and Bad Suderode, Germany. Recruitment of controls will
occur via the Internet. As shown in Fig. 5.3, the following information will be
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Development of PCS symptoms 12

weeks after a COVID-19 diagnosis

First diagnosis of psychopathology
or neurological symptoms

Memory / orientation /
organizational deficits
Bizarre / stereotypical behavior or
catatonic dyskinesias / dysphagia /
autonomic dysfunction

Immediate implementation:

e Laboratory chemical examination
* EEG

* cMRI

® CSF analysis + Testing for
antineuronal autoantibodies (NMDA
receptor, LGI1, Caspr2, AMPA1/2

If vascular dysregulation suspected,
screen patients using ECG, heart
rate variability (HRV),
echocardiography and
spiroergometry for differentiation
between cardial, pulmonary or
periphery limitations

If abnormal findings: measure OCT
as marker for microvascular
dysfunction

Screen for GPCR autoantibody
levels (a1, a2, B1, B2-adrenergic,

For pro-thrombotic or dyspnea
symptoms, patients should be
tested for troponin/NT-pro-BNP
levels, and by echocardiography,
chest-X-ray, pulmonary function

Depending on the results, also test
with MRI. If thorombosis present,
treat with compression stockings or
anticoagulants as appropriate

If treatments unsuccessful, Screen
for autoantibodies associated with
thrombopoietin, tropomyosin and
other proteins involved in platelet

M1, M2, M3, M4, M5-
acetylcholine, angiotensin-II,
endothelin A) in blood

receptor, DPPX, GABA-B receptor,
mGIuRS5 and Glycine receptor)

e Further “organic” exclusion
diagnostics

activation and calcium regulation
such as anti-phospholipid
antibodies

If positive - treatment with
BC 007 aptamer that binds
and scavenges GPCR-

impairments autoantibodies

Immunotherapy treatment
of confirmed cases to
minimize neurological

Immunotherapy treatment
of confirmed cases to
minimize impairments

Along with clinical improvement

checks, determine if pathological

cerebral MRI and EEG readings have
normalized and antineuronal serum

and CSF antibody titres have

Along with clinical improvement
checks, determine if pathological

readings have normalized and anti-

GPCR antibody titres have

Along with clinical improvement
checks, determine if pathological

readings have normalized and anti-
autoantibody titres have decreased

decreased

decreased

Fig. 5.3 Diagnostic algorithm to test for an autoimmune origin of neurological/neuropsychiatric
symptoms. Since some symptoms cannot be excluded by negative findings from EEG, MRI, or
CSF profile, screening should be carried out for the presence of autoantibodies to aid in stratifica-
tion of the most appropriate treatment options on a case-by-case basis. Those who test positive for
the presence of neuronal (left), vascular (middle), thrombotic (right), or other relevant autoantibod-
ies can be treated with immunotherapies and other drugs as appropriate. EEG: electroencephalog-
raphy; MRI: magnetic resonance imaging; CSF: cerebrospinal fluid; NMDA: N-methyl-D-aspartate,
CASPR2: contactin-associated protein 2, AMPA: a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic
acid, LGI1: leucine-rich glioma-inactivated protein 1, DPPX: dipeptidyl aminopeptidase-like pro-
tein 6, GABAB: y-aminobutyric acid B; OCT: optical coherence tomographya
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obtained for all patients who had been infected with COVID-19 to guide the most
appropriate treatment options:

1. Medical history, psychiatric, physical neurological-internal examination
2. Psychological and cognitive testing

e Current well-being/cognition: Hospital Anxiety and Depression Scale
(HADS), Fatigue Scale (FS), Symptom Checklist-90-Revised (SCL-90),
mini-mental state examination, Consortium to Establish a Registry for
Alzheimer’s Disease (CERAD), Brief Neuropsychological Cognitive
Examination (BNCE)

* Risk/stress factors: Childhood Trauma Questionnaire (CTQ), prolonged
standing strain index (PSSI)

(O8]

Routine laboratory blood analysis
4. Autoantibody screening:

e Screening for circulating neuronal antibodies: NMDA receptor, LGII
(leucine-rich glioma inactivated 1), Caspr2, AMPA1/2 (a-amino-3-
hydroxy-5-methyl-4-isoxazolepropionicacid 1/2)  receptor, = DPPX
(dipeptidyl-peptidase-like protein-6), GABA-B receptor, mGluRS5 (metabo-
tropic glutamate receptor 5) and GlyR (glycine receptor)

e Determination of circulating GPCR-antibodies: al, o2, p1, p2-adrenergic,
M1, M2, M3, M4, M5-acetylcholine, angiotensin-II and endothelin A

e Screening for antibody-associated brain inflammation: Lumbar puncture/
CSF analysis (Iymphocytic pleocytosis: cell count >5/pL, CSF-specific oligo-
clonal bands or blood—CSF barrier impairment) and EEG (epileptic or slow-
wave activity, possibly with temporal focus, “extreme delta brush”) have the
highest sensitivity. Magnetic resonance imaging (MRI) is abnormal in only
about 50% of patients with definite autoimmune encephalitis

5. Cardiovascular and pulmonary diagnostics

* ECQG, heart rate variability (HRV), and echocardiography

* In case of exertional dyspnea, chest pain, and exercise-induced tachycardia,
apply spiroergometry and exercise stress test

* In case of abnormal findings, test vascular stiffness using pulse wave velocity
and microvascular changes, OCT ocular fundus to assess cerebrovascular
regulation, autonomic nervous system (orthostasis test with tilt table if neces-
sary) and sleep diagnostics (Pittsburgh Sleep Quality Questionaire [PSQI]),
use of wearables devices

6. Review of findings, differential diagnostic assessment, and therapeutic recom-
mendation by interdisciplinary team if necessary

» Application of machine and deep learning for selection of discriminating
variables for PCS endophenotypes with GPCR-antibodies and vascular
dysregulation
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e Data analysis to determine variance, correlation, factor analyses, logistic
regression, cluster analyses for group comparisons regarding GPCR and other
autoantibodies, their correlation with clinical-apparative findings, and identi-
fication of PCS subtypes

7. Development of a diagnostic and treatment scheme based on clinical experience
and data

Patients found to have new onset neurological or neuropsychiatric symptoms
persisting for 12 or more weeks following a COVID-19 diagnosis will be tested as
above and screened for the presence of antineuronal antibodies (Fig. 5.3). Those
found to be positive for neuronal or vascular-related autoantibodies can be treated
as appropriate with immunotherapies and anti-inflammatory compounds to mini-
mize neurological damage, given positive results from clinical trials.

5.3 Methodologies for Autoimmune-Associated Neuronal,
Vascular, or Thrombotic Dysregulation

For patients with confirmed autoimmune encephalitis and neuropsychiatric symp-
toms (Fig. 5.3), the following therapeutic procedure can be followed as described
previously [19, 57, 58]. Firstly, assessment and screening should be performed as
described above. If anti-neuronal antibodies are detected, immunosuppression can
be attempted using corticosteroid therapy (1 g methyl-prednisolone/day for 5 days),
intravenous human immunoglobulin administration (0.4 g/kg/day for 5 days), or
immunoadsorption or plasmapheresis for rapid removal of pathogenic autoantibod-
ies. If there is no improvement, treatment can be extended with rituximab adminis-
tration (2 x 1000 mg i.v. or s.c. 2—4 week intervals). In refractory cases, combination
treatment can be performed with cyclophosphamide (750 mg/m? body surface area
every 4 weeks) and mycophenolate mofetil or methotrexate. Bortezomib may be
applied (1-6 cycles of 1.3 mg/m? body surface area, 21 days/cycle) to eliminate
plasma cells in the case of patients who require artificial ventilation and do not
respond adequately to the above treatments. Normalization can be assessed by clini-
cal improvement in symptoms, and pathological cardiac MRI and EEG findings can
be used to monitor treatment response. Finally, antineuronal serum and CSF anti-
body titres should be measured after a few weeks of treatment to determine if these
have normalized.

In case of neuropsychiatric symptoms associated with clinical or apparative
warning signs for autoimmune-triggered vascular dysregulation [59] or other condi-
tions such as postural orthostatic tachycardia syndrome (POTS) [60], patients
should be screened for heart rate variability (HRV), using electrocardiography
(ECG), echocardiography, and spiroergometry for differentiation between cardiac,
pulmonary or peripheral limitations (Fig. 5.3). If abnormalities are detected, OCT
can be measured as marker for microvascular dysfunction. Screening should then be
performed for GPCR autoantibody levels (al, a2, 1, f2-adrenergic, M1, M2, M3,
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M4, M5-acetylcholine, angiotensin-II, endothelin A). Given the presence of autoan-
tibodies, treatment can be performed with BC 007 to scavenge GPCR-autoantibodies
with and other immunotherapies as described above.

For neuropsychiatric manifestations associated with autoimmune-associated
pro-thrombotic syndromes or dyspnea [61, 62], it is recommended that patients are
tested for troponin/NT-pro-BNP levels and by echocardiography, chest-X-ray, pul-
monary function, and, depending on the results, MRI (Fig. 5.3). Screening should
then be carried out for anti-phospholipid antibodies and other antibodies associated
with thrombopoietin, tropomyosin, platelet activation, and calcium regulation. If
autoantibodies are detected, immunotherapies can be performed as described above.

6 Conclusions and Future Perspectives

Given the high proportion of COVID-19 cases that result in PCS, urgent steps are
required to identify those patients most at risk and to develop routine screening
procedures at the clinical and molecular levels. This will enable identification of the
underlying causes to facilitate the most appropriate therapeutic treatments. The con-
sensus now appears to indicate that a high proportion of PCS cases result from inap-
propriate hyper-inflammatory and autoimmune states resulting from SARS-CoV-2
infection. In order to improve care of PCS patients, we aim to open an interdisci-
plinary PCS outpatient clinic encompassing clinical and technical teams from the
fields of psychiatry, psychotherapy, neurology, immunology, cardiology, angiology,
and pneumology at Otto von Guericke-University in Magdeburg, Germany. This
will enable patients with a high health burden to receive modern diagnostic and
competent therapeutic recommendations. The main aim is to test our hypothesis that
there is a PCS subgroup with autoimmune-mediated systemic and brain-vascular
dysregulation, which may lead to conditions such as circulatory disorders, fatigue,
cognitive impairment, depression and anxiety. This will be assessed using a combi-
nation of specific autoantibody screening diagnostics and precise clinical, psycho-
logical, and apparative testing. This system could be used as a model for identifying
those individuals most at risk of developing PCS for prevention, or for treatment-
focussed clinical trials, and for planning education and rehabilitation services in the
event of a continuing COVID-19 pandemic and/or the emergence of future corona-
virus outbreaks.
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