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ABSTRACT

Background

SARS-CoV-2-triggered autoantibodies (AAB) targeting G protein-coupled receptors (GPCRS)
have been suggested to contribute to the post-acute sequelae of COVID-19 (Post-COVID-19
Syndrome, PCS).

Objective

To characterize AABs involved in autonomic dysfunction such as rhythm control and
vasoregulation in patients with post-acute sequelae of COVID-19 and profile the peripheral B-
and T-cell receptor (B/TCR) architecture to identify immunogenetic imprints of autoimmunity.
Methods

Anti-GPCR AABs were characterized in patients with post-acute sequelae of COVID-19 with
known alteration in autonomic nervous system functions assessed by heart rate variability
(HRV). Adaptive immune receptor repertoire sequencing (AIRR-seq) was used to profile
peripheral BCR and TCR architecture. COVID-19 patients with severe or moderate acute
disease, after recovery, and pre-pandemic healthy individuals served as controls. Cardio- and
vasoactive effects of AABs were analyzed using 24h and exercise test blood pressure
measurements. The direct effect of AABs on electromechanical coupling was tested in human
induced pluripotent stem cell cardiomyocytes.

Results

AABs including AGT1/2Rab, ADRB1/2ab, M1/3Rab, and CXCR3ab were associated with
HRV alterations. Analysis of the broad BCR repertoire metrics revealed high similarity between
PCS patients and healthy controls for clonality and diversity measures. The level of somatic
hypermutation as proxy for antigen-experience was equal to healthy controls. Elevated
CXCR3ab levels were linked to higher 24h mean arterial pressure, while patients with elevated
M1Rab and CXCR3ab levels showed higher blood pressure during stress tests. AABs had no
effect on beat frequence and amplitude of cardiomyocyte contraction in vitro.

Conclusions

These findings suggest that AABs play a modulatory role in sympathetic nervous system-
mediated regulation of cardiac rhythm and vascular function in PCS. AAB levels did not

correlate with B- and T-cell receptor repertoire metrics or TRBV gene usage.

KEYWORDS: Post-acute sequelae of COVID-19; dysautonomia; autoimmunity; heart rate

variability; G protein-coupled receptors
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Key Messages

- Anti-GPCR autoantibodies in PCS patients affect the autonomic nervous system as
indicated by altered rhythm control and vasoregulation

- Autoantibodies against the CXCR3 receptor may prevent parasympathetic activation
in PCS patients mainly at night

- PCS patients with higher autoantibody levels against AGTR1, M1 and CXCR3
showed elevated stress-induced blood pressure responses
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Capsule Summary

In patients with Post-COVID-19 Syndrome (PCS), GPCR autoantibodies associate with
parasympathetic tone, sympathetic predominance, and stress-induced blood pressure response,
suggesting a modulatory role in cardiac rhythm and vascular regulation.



86 Abbreviations used

87 AAB - Autoantibody
88 ACE - Angiotensin-converting enzyme
89 ADRAIlab - Autoantibody against adrenoceptor alpha 1
90 ADRAZ2ab - Autoantibody against adrenoceptor alpha 2
91 ADRB1ab - Autoantibody against adrenoceptor beta 1
92 ADRB2ab - Autoantibody against adrenoceptor beta 2
93 AGT1Rab - Autoantibody against angiotensin Il receptor type 1
94 AGT2Rab - Autoantibody against angiotensin Il receptor type 2
95 AIRR-seq - Adaptive Immune Receptor Repertoire sequencing
96 AUC - Area under the ROC curve
97 BCR — B-cell receptor
98 BP - Blood pressure
99 CDR3 - Complementarity-determining region 3
100 CPET - Cardiopulmonary exercise testing
101 CXCR3 - C-X-C motif chemokine receptor 3
102 CXCR3ab - Autoantibody against C-X-C motif chemokine receptor 3
103 DBP - Diastolic blood pressure
104 ECG - Electrocardiogram
105 ELISA - Enzyme-linked immunosorbent assay
106 ETARab - Autoantibody against endothelin receptor A
107 GPCR - G protein-coupled receptor
108 GSK3p - Glycogen synthase kinase 3 beta
109 Gai - Gi alpha G-protein subunit

110 HF - High-frequency band power
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HFnu - Normalized high-frequency power
hiPSC - Human induced pluripotent stem cell
HRYV - Heart rate variability

IGH - Immunoglobulin heavy chain

IGHV - Immunoglobulin heavy variable
IGHVJ - Immunoglobulin heavy variable/joining gene usage
IFNAR - Interferon-o/p receptor

IP-10 - Interferon-inducible protein of 10
IWP2 - Wnt signaling inhibitor

LDL - Low-density lipoprotein

LF - Low-frequency band power

LF/HF - Low-to-high frequency power ratio
LFnu - Normalized low-frequency power

MAP - Mean arterial pressure

ME/CFS - Myalgic encephalomyelitis / chronic fatigue syndrome

MFI - Multidimensional Fatigue Inventory

M1Rab - Autoantibody against muscarinic acetylcholine receptor M1
M2Rab - Autoantibody against muscarinic acetylcholine receptor M2
M3Rab - Autoantibody against muscarinic acetylcholine receptor M3
M4Rab - Autoantibody against muscarinic acetylcholine receptor M4

M5Rab - Autoantibody against muscarinic acetylcholine receptor M5

NN - Normal-to-normal (inter-beat) intervals

NN50 - Count of NN interval differences > 50 ms

PAR1ab - Autoantibody against proteinase-activated receptor 1

PCS — Post-COVID-19 Syndrome

RMSSD - Root mean square of successive differences
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ROC - Receiver operating characteristic

SARS-CoV-2 - Severe Acute Respiratory Syndrome Coronavirus 2
SBP - Systolic blood pressure

SD1 - Poincaré plot short-axis dispersion

SD2 - Poincaré plot long-axis dispersion

SDANN - Standard deviation of the averages of NN intervals
SDNN - Standard deviation of all NN intervals

SDNN-Index - Mean of 5-min segment SDs of NN intervals
SPO2 - Peripheral oxygen saturation

TCR — T-cell receptor

TRBV — T-cell receptor beta variable

VAI - Angular dispersion index (Poincare)

VCO2 - Carbon dioxide production

VDJ - Variable-Diversity—Joining

VE - Minute ventilation

VLF - Very-low-frequency band

VLI - Vector length index

V02 - Oxygen consumption

W - Workload (watts)
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INTRODUCTION

Post-acute sequelae of COVID-19, also known as Post-COVID-19 Syndrome (PCS), manifests
after an acute infection with the SARS-CoV-2 virus (COVID-19 infection). By definition,
Long-COVID is an umbrella term for symptoms that persist >4 weeks after the start of acute
COVID-19, while PCS refers to symptoms that continue >12 weeks. (1,2). Although recent
guidelines propose diagnostic criteria for PCS (1,2), ambiguity persists due to the complex
symptomatology and the lack of definitive diagnostic tools (3). PCS is a multisystemic disorder
characterized by symptoms including but not limited to (chronic) fatigue, diminished physical
performance, muscle weakness and pain, dyspnea, cognitive impairment and alterations of the
autonomous nervous system, as well as psychological distress (2-5). The severity of symptoms
varies widely, from mild impairment to significant restrictions in daily activities, potentially
leading to partial or complete work incapacity (6). Despite ongoing investigations, the
mechanisms contributing to the onset and severity of PCS remain largely unknown. Factors
may include endothelial dysfunction and detrimental effects on the microvasculature, as well
as a "cytokine storm" during the acute course of the infection associated with excessive
oxidative stress, neutrophils programmed cell death (NETosis) and subsequent mitochondrial
dysfunction (7-10). It has been suggested that PCS signs and symptoms are linked to a
disruption of the autonomic nervous system associated with increased sympathetic activity (5).
While the main mechanisms leading to these observations are still a matter of ongoing research,
it has been reported that SARS-CoV-2 shares features of known neurotropic viruses which
cause dysautonomia through dysregulation of central and peripheral autonomic circuits via
direct or indirect routes including retrograde axonal transport via the olfactory nerve or the
enteric nervous system (11-13). In addition to neurohormonal (over)stimulation, dysregulation
of the angiotensin-converting enzyme (ACE) axis has been reported (14). As a result, sustained
blood pressure deteriorations (15) and persistent or secondary autonomic dysfunction may
occur, which have been suggested to add to PCS-specific symptoms including fatigue (5).

We recently reported that heart rate variability (HRV) as a marker of autonomic nervous
dysfunction is altered in long-term PCS patients compared with healthy controls, indicated
primarily by frequency-related and nonlinear HRV variables (5). Of note, HRV alterations were
more pronounced in patients with greater acute COVID-19 infection severity as well as those
patients with stronger impairment of physical exercise capacity. HRV analysis showed a
disturbance of day-night autonomic activity possibly indicating an impaired recovery during

sleep (5). Together, these findings suggested that sympathovagal imbalance is still present in

8
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long-term PCS patients. To what extent autonomic dysfunction in PCS can be linked to
autoimmune reactions triggered during the acute infection is currently largely unknown.
However, there is evidence that elevated autoantibody (AAB) levels against central components
in different regulatory systems caused by an acute COVID-19 infection may persist in PCS
patients (16-18). This includes prothrombotic AABs against anti-phospholipid and anti-type |
interferon (19,20) as well as vaso- and immunomodulatory proteins (18,21,22). Additionally,
AABs against vasoregulatory ACE2 and angiotensin type-1 receptor (AGTR1) have been
correlated with disease severity in acute COVID-19 patients (21). Of note, AABs targeting G
protein-coupled receptors (anti-GPCR AABS) detected in PCS patients have been proven to
have functional capacity, underlining their role in PCS pathology (18). Finally, the role of anti-
GPCR AABs has been observed in various autoimmune and non-autoimmune diseases (23) and
they have been associated with key symptoms of fatigue and muscle pain in ME/CFS patients
(24).

Thus, this study aimed to identify AABs targeting GPCRs involved in autonomic regulation
such as rhythm control and vasoregulation in patients with PCS. Adaptive immune receptor
repertoire sequencing was used to profile the peripheral B- and T-cell receptor architecture and
identify potential immunogenetic imprints of autoimmunity. The direct effect of anti-GPCR
AABs on electromechanical coupling was analyzed in vitro using induced pluripotent stem cell-

derived cardiomyocytes.
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MATERIALS AND METHODS
Study design

To identify anti-GPCR AABs contributing to autonomic dysfunction in PCS, AAB levels of
PCS patients who had been screened using Holter ECG systems to assess HRV over at least
24h were analyzed. Included patients (n=105) were participants of a prospective cohort study,
referred to Clinic Konigsfeld, center for medical rehabilitation between May 2021 and April
2022 (5). Compared to healthy controls, these patients showed signs of sympathovagal
imbalance. Inclusion criteria were a history of (at least one) COVID-19 infection (positive PCR
test at the time of infection), and ongoing or newly expressed performance deficits lasting for
at least 3 months prior to recruitment as described in detail elsewhere (5). The current study
was conducted in two phases, an initial discovery phase and a second in-depths analysis phase,
to reduce the number of anti-GPCR AABs analysed in the entire cohort. During the discovery
phase, 14 AABs previously described in PCS or elevated in acute COVID-19 patients were
selected based on respective targets involved in the regulation of parasympathetic, adrenergic,
vasoactive, thrombotic and inflammatory pathways (18, 22, 25). Levels were initially compared
between patients with highest (top 20%, n=22) and lowest (lowest 20%, n=22) sympathicus
activation determined based on normalized HF (HFnu) over 24h. This was done based on the
key finding that the frequency-related variable HFnu differed significantly in PCS patients
compared to controls (5). Suggestive AABs were then tested in the entire cohort (n=105) for
association with individual HRV parameters. A study flow chart is provided in Supplemental
Table 1 of the Online Repository.

Patients

Patients with full clinical assessment and performance deficits documented according to the
recent consensus statement, with the cluster of lead symptoms including fatigue/exercise
intolerance, shortness of breath, and cognitive dysfunction (5) were included. History of
comorbidities and current medication were documented and blood samples for genomic DNA
sequencing and AAB analysis were drawn on the day of admission. Patients provided the

respective clinical data after discharge for scientific use.
Ethical approval

The study was approved by the local ethical review committee (Ethik-Kommission Universitét
Witten/Herdecke; reference number 159/2021) and conformed to the Declaration of Helsinki.

Written informed consent was obtained from all participants.

10
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Determination of autoantibodies (AAB)

Whole blood samples were allowed to clot at room temperature and then centrifuged at 2000 x
g for 15 min in a serum gel monovette. The serum was aliquoted and, together with the
remaining cellular fraction, stored at —80°C. IgG AAB against Angiotensin Il receptor 1 and 2
(AGT1Rab, AGT2Rab), Adrenoceptor Alpha 1 and 2 (ADRAlab, ADRA2ab), Adrenoceptor
Beta 1 and 2 (ADRB1lab, ADRB2ab), Muscarinic Acetylcholine receptor M1-5 (M1Rab,
M2Rab, M3Rab, M4Rab, M5Rab), Endothelin Receptor A (ETARab), Proteinase-activated
receptor 1 (PAR1ab), and CXC Motif Chemokine receptor 3 (CXCR3ab) were measured using
respective sandwich ELISA kits by CellTrend GmbH (Luckenwalde, Germany) in an EN 1SO-
certified laboratory (CellTrend) as described (18, 22). In brief, serum samples were diluted at a
1:100 ratio and AAB levels were calculated as arbitrary units (U) by extrapolating from the
standard curve. The ELISA kits were validated in accordance with the Food and Drug
Administration’s Guidance for Industry: Bioanalytical Method Validation and intraassay
coefficient of variation ranged from 3.9% to 15.2% depending on the respective assay. PCS
patients’ AAB levels were compared to internal reference based on normal values of healthy

individuals.
Assessment of Heart Rate Variability (HRV) and long-term blood pressure

HRV was assessed using 24h Holter ECG (DMS300-4L, DM systems, Beijing, China) and the
following variables were extracted for analyses as described (26). Frequency domain variables
(HF, average energy density in the high-frequency band [i.e., between 0.15 and 0.4 Hz of all 5-
min-calculation windows]; LF, average energy density in the LF low-frequency band [i.e.,
between 0.04 and 0.15 Hz of all 5-min-calculation windows]; HFnu, normalized HF [HF/(total
power-VLF)*100]; LFnu, normalized LF [LF/(total power-VLF)*100]; HF power [absolute
power of the HF band]; LF power [absolute power of the LF band]), time domain variables (NN
intervals, SDNN, standard deviation of all NN intervals; SDNN-Index, mean value of the
standard deviations of the average NN intervals of all 5-min segments of a measurement;
SDANN, standard deviation of the average NN intervals of all 5-min segments of a
measurement; RMSSD, square root of the mean of the sum of the squares of differences
between adjacent NN intervals; pNN50, NN50 divided by the total number of NN intervals;
triangular-Index, integral of the NN interval histogram divided by the height of the histogram),
nonlinear variables as defined by the analysis of Poincaré maps, a scatter plot of inter-beat
intervals as a function of previous inter-beat intervals (SD1, the standard deviation of Poincaré
plot perpendicular to the line-of-identity; SD2, the standard deviation of the Poincaré plot along

11
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the line-of-identity; VAI, the angular dispersion of scatter points; VLI, the vector length index).
Long-term (24h) blood pressure measurements were performed as part of the clinical routine
using Physio-Port (PAR Medizintechnik, Berlin, Germany) and PhysioQuantWin 7.0 (EnviteC-
Wismar, Germany). Mean arterial pressure (MAP) was approximated using the formula MAP=
(2*DBP+SBP)/3.

Cardiopulmonary exercise testing (CPET)

Symptom-limited ergometer testing with continuous breath-by-breath respiratory gas exchange
analysis was conducted following manufacturer’s guidelines (Ergostic, Amedtec, Aue,
Germany) as part of the standard clinical diagnostic procedure upon admission and within three
days prior to discharge as described in detail elsewhere (27). Expiratory flow measurements
were performed using a mass flow sensor, calibrated with a known concentration gas mixture
prior to each assessment. Continuously recorded variables included workload (W), heart rate
(HR), blood oxygen saturation (SPO), blood pressure (BP), oxygen consumption (VO2),
carbon dioxide production (VCO3), and minute ventilation (VE). For comparability of BP and
SPO2, data were normalized to the maximal load, with the individual maximum power set to

100% with BP and SPO: assigned to the corresponding percentage of the load.
Adaptive immune receptor repertoire sequencing (AIRR-seq)

Genomic DNA was isolated from fresh-frozen peripheral blood using the GenElute mammalian
genomic DNA miniprep kit (Sigma-Aldrich, Taufkirchen, Germany) from PCS patients (n=34)
stratified by overall AAB levels and HFnu values (28). Immunogenic control data from
COVID-19 patients with severe (n=26) or moderate (n=28) acute disease and after recovery
(n=55) as well as pre-pandemic healthy individuals (n=59) was used. Patients and healthy
control characteristics are given in Supplemental Table 1 of the Online Repository including
the respective day of blood sampling. In short, the variable-diversity—joining (VDJ) rearranged
T-cell receptor beta (TRB) and immunoglobulin heavy (IGH) loci were amplified from 250-
500 ng genomic DNA in multiplex PCRs using the BIOMED2-FR1 (IGH) or —-TRB-B primer
pools. Sequencing and demultiplexing was performed on an Illumina MiSeq sequencer (600-
cycle single-indexed, paired-end run, V3-chemistry). Read alignment was performed using the
MiXCR framework with the default reference library for TRB and the IMGT library v3 for IGH
(29). All nonproductive rearrangements and sequences with less than two read counts were not
included in downstream analyses. To correct for PCR bias, all IGH repertoires were
proportionally normalized to 20,000, all TRB repertoires to 50,000 reads, respectively. A

clonotypes was defined as each unique complementarity-determining region 3 (CDR3)
12
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nucleotide sequence. Calculation of broad repertoire imprints and the VDJ architecture was
performed using RStudio (version 1.1.456) as described (28, 30). Heatmaps were generated

using the R package pheatmap.

Human induced pluripotent stem cell (hiPSC) cardiomyocyte differentiation and

maintenance

HiPSC-cardiomyocytes were generated from a healthy iPSC line (31), maintained on Geltrex
coated 6-well plates using E8 full medium. Undifferentiated hiPSCs were seeded onto a
Geltrex-coated 12-well cell-culture dish with E8 full medium containing thiazovivin 3 days
before start of differentiation. Differentiation was induced at day 0 when hiPSCs reached 70-
80% density. On day 0, the medium was shifted to Cardio Diff medium (RPMI
1640 + GlutaMAX, Thermo Fisher Scientific, #72400021) supplemented with human
recombinant albumin  (Sigma-Aldrich, #A9731), L-Ascorbic acid 2-phosphate
sesquimagnesium salt hydrate (Sigma-Aldrich, #A8960) and the GSK3f inhibitor CHIR99021
(5 uM). After 48 h, cells were supplemented with 5 mM of the Wnt signaling inhibitor IWP2
(Peprotech, #57085) in fresh Cardio Diff media. Following medium changes were performed
every 48 h. From day 8 on, cells were kept in Cardio Culture medium (RPMI 1640 + GlutaMAX
supplemented with 1x B27 with insulin, Thermo Fisher Scientific, #17504-001), with medium
changes every 2-3 days. HiPSC-cardiomyocytes were purified using metabolic selection and

were used for 60-90 days after differentiation.
Time-dependent cell response profiling by real-time cell electronic sensing.

The E96 xCELLIigence plates (Agilent, USA) were coated with fibronectin (1:100 dilution in
PBS, Promocell C-43050, 50 pL per well) with 1 h incubation at 37 °C. After equilibration to
37 °C, plates were inserted into the xCELLigence station (Agilent, USA), and the base-line
impedance was measured to ensure that all wells and connections were working within
acceptable limits after removal of coating and addition of complete media (100 pL per well) as
described (32). Following harvesting and counting, hiPSC-cardiomyocytes were diluted to
seeding density of 30,000 cells per well (100 puL per well) in Cardio Culture medium
supplemented with thiazovivin and heat inactivated FBS. Two days after seeding, media change
was performed every day (200 pL per well). On day 6 after seeding, 1% of respective patient
serum was added to the wells while control wells were treated with 1% of Cardio Culture media.
Three patient serotypes were tested including type 1) lowest levels for all identified AABs, 2)
highest levels for all identified AABs and 3) highest levels for all identified AABs but low

levels for CXCR3ab. Contraction data was recorded every 24 h with 30 s sweeps. Beat rate and
13
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amplitude at the 7" day after seeding was chosen for analysis and was calculated using the
XCELLigence software.

Statistical analysis

Data was analyzed using SPSS (V.28, IBM, Armonk, USA) and GraphPad Prism (V.10,
GraphPad Software, Boston, USA). Constant variables are expressed as mean + SD or 95% CI.
Categorical variables are presented as n (%). Differences between groups were analyzed using
one-factorial ANOVA or Kruskal-Wallis-Test (with Tukey's or Dunn’s multiple comparisons
test), and unpaired two-sided t-test or Mann-Whitney-U Test in case of non-normal distribution.
Non-normal distribution was tested using skewness and kurtosis. Chi-square test was used for
categorical variables. Spearman rank correlation analyses were performed to investigate
correlations between AAB levels and HRV variables and ABB levels and time after acute
infection and age. Trend lines for CPET-derived continuous parameters were modelled using
asymmetrical third order polynomial curve fit with F statistics for comparison. In the discovery
phase, a p-value < 0.15 was accepted as indicative of suggestive associations of sympathicus
activation and ABB levels. Results of AIRR-seq were compared by overall AAB levels
(seropositivity for > 5 AABs vs. <5 AABs) and by HFnu (low vs. high). Overall statistical
significance was declared at p < 0.05. Logistic regression model was run using R (V.4.3.0) with
HFnu as a binary outcome variable (0, low; 1, high). Predictor variables were standardized prior
to modeling to ensure comparability in the logistic regression model. To assess the model's
accuracy and mitigate the risk of overfitting, 10-fold cross-validation was used with each fold
providing an accuracy score. The model’s performance was evaluated using the area under the
receiver operating characteristic (ROC) curve (AUC), sensitivity, and specificity. Feature
importance was assessed by examining the absolute values of the regression coefficients for
each predictor.
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RESULTS

Patients’ characteristics

PCS Patients (n=105; 42% women) were referred to rehabilitation with an average age of 49.3
+ 11.4 years and a mean time interval between first infection and start of medical rehabilitation
of 239 + 116 days. Fatigue/exercise intolerance and shortness of breath were observed in ~75%
of patients with a mean Multidimensional Fatigue Inventory (MFI) score of 68.9 £ 14.4 (MFI
cut-off value for chronic fatigue syndrome = 70 from 100). Cognitive dysfunction was less
common (~59%). Sixteen patients (15.2%) had signs of tachycardia (resting heart rate > 100
bpm). During the acute phase of infection, ~70% of patients received ambulatory care or acute
care at home, while ~30% of patients required in-hospital care. Exercise capacity in terms of
peak oxygen uptake (peak VO2) at admission was markedly reduced at 72.0 £ 15.3 % (17.8 +
4.0 ml-mint-kg? VO), compared to reference (Table 1). Standard laboratory values were
within reference, except for triglycerides, total cholesterol and LDL-cholesterol, for which the

mean value was in the borderline-high range (Supplemental Table 2 of the Online Repository).
Discovery phase - Identification of suggestive anti-GPCR autoantibodies (GPCR-AABS)

To identify anti-GPCR AABs potentially associated with HRV alterations in PCS, 14 selected
AABs with known targets contributing to PCS-specific symptoms were screened for differences
between PCS patients with highest (top 20%, n=22) and lowest (lowest 20%, n=22)
sympathicus activation determined by Holter ECG. As indicative parameter, HFnu over 24h
was used (5). The comparison of AAB levels between the two groups suggested that 8 AABs
including AGT1Rab, AGT2Rab, ADRBlab, ADRB2ab, M1Rab, M3Rab, PAR1lab, and
CXCR3ab may be associated with HRV alterations in PCS (Figure 1). The mean, minimal, and

maximal levels of all tested AABs are given in Supplemental table 3 (of the Online Repository).
Immune repertoire architecture in PCS patients

Next, we profiled the peripheral B-cell receptor (BCR) and T-cell receptor (TCR) architecture
by AIRR-seq to identify potential immunogenetic imprints of autoimmunity. To also test for
potentially persisting SARS-CoV-2 signatures, we included immunogenic control data from
COVID-19 patients with severe (n=26) or moderate (n=28) acute disease, after recovery (n=55)
and pre-pandemic healthy individuals (n=59). All COVID-19 patients were sampled during the
first wave of the pandemic when no vaccines were available. Patients’ characteristics are given
in Supplemental Table 1 of the Online Repository and have been described in detail elsewhere

(33). Analysis of the broad BCR repertoire metrics revealed high similarity between PCS
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patients and healthy controls for clonality and diversity measures with a slight trend to higher
richness in PCS (Figure 2A). The level of somatic hypermutation as proxy for antigen-
experience was equal to healthy controls (Figure 2A). Compared to patients with moderate or
severe COVID-19, PCS patients showed significantly lower BCR richness (p=0.0286 vs.
moderate) and somatic hypermutation (p<0.0001 vs. severe) (Figure 2A). Principal component
analysis (PCA) of IGHVJ gene usage showed a relatively homogenous overlapping gene
architecture with the PCS samples, however, clustering denser on PC2 within the overlapping
space (Figure 2B). This pattern was mainly driven by a higher frequency of B cells with IGHV4-
39 and IGHV4-59 rearrangements in PCS (Figure 2C). Notably, IGHV4-39 and IGHV4-59
genes have been described in several settings of autoimmunity including rheumatoid factors
and antiphospholipid syndrome (34, 35). Subsetting PCS patients for autoantibody positivity
(=5 AABs above group median) or HFnu values did not reveal clear patterns with respect to
repertoire metrics or IGHV gene usage (Figure 2D+E). However, we observed small trends for
higher richness and Simpson diversity in HFnu high as compared to the HFnu low (Figure 2D)
and a small trend for higher clonality and IGHV4-59 usage in patients with less than 5 positive
AAB species (Figure 2E). Notably, we did not observe increased usage of IGHV3-30 or
IGHV3-30-3 rearrangements as reported for ME/CFS (36). Similar to BCR metrics, the TCR
repertoires of PCS patients did not display differences to healthy individuals with respect to
richness, clonality and diversity indices (Figure 2F). Compared to patients with moderate or
severe COVID-19 or recovered patients, PCS patients showed significantly altered TCR
richness (p=0.0008 vs. severe; p <0.0001 vs. recovered), and lower diversity indices (Shannon,
p= 0.0002, Simpson, p <0.0001 vs. recovered) (Figure 2F). No overall differences for PCS
patients in terms of global VJ architecture was detected (Figure 2G). However, PCS patients
displayed slightly increased frequencies of T-cell receptor beta variable (TRBV)29-1 and
TRBV6-5 rearrangements and slightly decreased frequencies of TRBV27 and TRBV11-3
rearrangements (Figure 2H). Except for a slight decrease of Simpson diversity in PCS patients
with low HFnu values and a trend towards higher clonality in PCS patients with less than 5
AAB species, we did not observe any differences in repertoire metrics or TRBV gene usage in
HFnu and AAB cohort subsets (Figure 21+J).

In-depths analysis of identified anti-GPCR AABs
General observations

The levels of 8 suggestive anti-GPCR AABs were determined in the entire cohort of PCA
patients (n=105). Comparison with reference values indicated seroprevalence at 14.3% for
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AGT1Rab, 5.7% for AGT2Rab, 42.9% for ADRB1ab, 53.3% for ADRB2ab, 29.5% for M1Rab,
49.5% for M3Rab, 41.0% PAR1ab, and 17.1 % for CXCR3ab (Supplemental table 3 of the
Online Repository). While AABs levels were comparable between women and men (all p >
0.133), some correlations with age were observed in that significantly lower levels of
AGT1Rab, ADRB1ab, and ADRB2ab were detected in older patients (p < 0.0174, r < - 0.24)
(Supplemental figure 2 of the Online Repository). None of the tested AABs affected the PCS
patients’ relative physical performance assessed by CPET at the time of admission. Of note, a
general trend to lower AAB levels with in-hospital acute care was observed which was
significant for AGT1Rab, ADRB1ab, and ADRB2ab (ambulant vs. in-hospital care without
ventilation, p < 0.0278), while highest level for CXCR3ab were detected in patients with
ventilation (p = 0.0009 vs. ambulant care) (Figure 3A). However, no specific treatment
(antiviral, anti-inflammatory) was identified that could explain this observation. Most of the
tested AABs showed no association with time after acute infection (all p > 0.05), but levels of
CXCR3ab were highest in patients with a more recent SARS-CoV-2 infection (r = -0.349,
p=0.0003) (Figure 3B). Elevated AAB levels showed significant intra-individual correlations
in that ADRB1ab and ADRB2ab correlated at r = 0.96 (p<0.0001) and levels of ADRB1/2ab
correlated strongly with AGT1Rab and M3Rab (all r > 0.823, p < 0.0001) but at a lower level
with CXCR3ab (r = 0.308, p = 0.001) (Supplemental figure 3).

Predictive modeling of sympathicus activation based on anti-GPCR AABs

To analyze which of the suggestive anti-GPCR AABs has the highest standardized impact on
sympathicus activation and at what level of accuracy sympathicus activation can be predicted
based on AABS, a logistic regression model was built based on the 8 identified AABs and HFnu
as binary outcome (Figure 4). The logistic regression model achieved a mean 10-fold cross-
validated accuracy of 67.5% + 11.5%, indicating reasonable performance, with some variability
across the folds. When evaluated on the full dataset, the model’s AUC was 0.78, indicating
moderate discriminative power with a balanced trade-off between sensitivity and specificity. A
confusion matrix was used to show that the model correctly identified 42 cases (81%) as class
0 (HFnu low) and 33 cases (67%) in class 1 (HFnu high). Feature importance analysis revealed
that CXCR3Ab had the highest impact on the outcome (27.7%), followed by M3Rab (20.2%)
and M1Rab (15.0%) (Figure 4).

Anti-GPCR AAB associations with HRV variables

To investigate the effect of the identified AABs on different autonomic nervous system

functions, HRV variables including frequency domain variables, time domain variables, and
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nonlinear variables (as defined by the analysis of Poincaré maps) were analyzed for their
association with AAB levels (Table 2). The results suggested that time-related variables rMSSD
and pNN50 were mainly affected by AGT1Rab, ADRB1/2ab, and M3Rab during day and night
periods and over the entire recording time of 24h in that higher AAB levels were associated
with higher rMSSD and pNN50 values (p<0.022). M1Rab, CXCR3ab and PAR1ab had no
effect on time-related HRV variables. A comparable pattern was observed for non-linear HRV
variables, where again M1Rab, CXCR3ab and PARlab had no effect but AGT1Rab,
ADRB1/2ab, and M3Rab showed low-to-moderate positive effects on variables SD1 and VAI
(p<0.019). In terms of frequency-related variables, a different pattern was observed in that
CXCR3ab had opposing effects to AGT1Rab, ADRB1/2ab, and M3Rab. While AGT1Rab,
ADRB1/2ab, and M3Rab had positive effects on HF power and HFnu (24h period, p<0.036)
and overall normalized parasympathetic activity (6h day, 6h night, and 24h period), CXCR3ab
levels had negative effects on HF power and HFnu (6h day and 24h period; p<0.041) and
negative effects on overall normalized parasympathetic activity (6h night, and 24h period,;
p<0.037). Of note, CXCR3ab increased the ratio between LF and HF over the 24h period and
over the 6h night period (p=0.037), which is of relevance since a higher LF/HF ratio indicates

a dominating sympathetic system (Table 2).
Vasoactivity of anti-GPCR AABs

To investigate the overall cardio- and vasoactive effects of the identified anti-GPCR AABs with
the most prominent influence on sympathetic and parasympathetic activity (Table 2), we tested
whether AABs affected BP and HR using 24h BP measurement. Results indicated that high
levels of CXCR3ab were linked to higher mean arterial pressure (MAP) during the day and
night period as well as over the entire measurement period of 24h (both p <0.046) (Figure 5A),
while BP appeared unaffected by the other tested AABs (Supplemental figure 4). A mean 24h
MAP above the threshold of 105 mmHg was detected in 22% of patients with high CXCR3ab
levels but only in 11% of patients with low CXCR3ab levels. This finding was supported by
analysis of medication which indicated that prescription rates of BP medication were higher in
PCS patients with high CXCR3ab levels compared to patients with low CXCR3ab levels (77%
vs. 51%, p=0.023). Since no effect on 24h HR values was seen for any AAB (Supplemental
figure 4), we tested if AAB levels against ADRB1 would affect the HR response under
controlled conditions (i.e. standardized CPET) and whether intake of beta blockers interfered
with this response. This analysis revealed that PCS patients receiving beta blockers showed a

clear reduction in HR increase and peak HR during exercise testing compared to patients
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without beta blockers (p <0.05) (Figure 5B). Moreover, ADRB1ab levels did not show any
effect on HR response during exercise testing, neither in patients with nor without beta blockers
(Figure 4). The influence of AABs on BP response and blood oxygen saturation (SPO2) during
CPET was also tested. In terms of BP response, patients with higher levels of AGT1Rab had an
increased diastolic blood pressure (DBP) response during CPET compared to patients with
lower AGT1Rab levels (p<0.001). In terms of elevated M1Rab and CXCR3ab levels, patients
showed higher DBP and MAP values during CPET compared to patients with lower levels
(p<0.035). In addition, patients with higher CXCR3ab levels also showed reduced SPO2 during
exercise testing (p<0.027).

In vitro effects of anti-GPCR AABs

Finally, we tested whether the anti-GPCR AABs had a direct effect on the electromechanical
coupling of cardiac myocytes using time-dependent in vitro cell response profiling by real-time
cell electronic sensing. Using human induced pluripotent stem cell (hiPSC) derived
cardiomyocytes we analyzed the serum effects on cardiomyocyte contraction profiles (Figure
6). Results indicated that a general effect of patient serum on the cell contractility (beats per
minute) existed, which was however independent of patients’ serotype (Figure 6C), making a
specific effect of AABs on beat frequence unlikely. Likewise, AABs had no effect on the

amplitude of cardiomyocyte contraction (Figure 6D).
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DISCUSSION

This study investigated the regulatory capacity of anti-GPCR AABs targeting central
components of the autonomic nervous system and pivotal vasoregulatory and inflammatory
receptors in patients with long-term Post-COVID-19 Syndrome (PCS). Using heart rate
variability (HRV) as well as 24h and exercise blood pressure analysis combined with analysis
of immunogenetic imprints of autoimmunity and in vitro analyses of AAB effects on
electromechanical coupling in stem cell-derived cardiomyocytes we found that (1) anti-GPCR
AABs detected in PCS patients affect the autonomic nervous system as indicated by altered
rhythm control and vasoregulation, (2) AABs against CXCR3, M1/M3, AGTR1 and ADRB1/2
showed partly opposite effects on HRV parameters suggesting dysfunctional regulation of the
autonomic nervous system (3) AABs against the CXCRS3 receptor may prevent parasympathetic
activation in PCS patients mainly at night, (4) PCS patients with high AAB levels against
AGTR1, M1 and CXCR3 showed elevated stress-induced blood pressure responses, (5) AAB
levels and HFnu values did not correlated with B- and T-cell receptor repertoire metrics or
TRBV gene usage, and finally, (6) serum AAB targeting GPCR did not affect contractility of
stem cell derived cardiac myocytes suggesting a more systemic action of AABs. To the best of
our knowledge, this study is the first to describe that anti-parasympathetic and anti-adrenergic
AABs as well as AABs against the T-cell receptor CXCR3 are linked to autonomic dysfunction

and vasoregulation in patients with PCS.

So far, several studies have investigated the role of immunological dysregulation and AABSs in
patients with PCS aiming at a better understanding of the condition and related symptoms as
well as the development of diagnostic tools and potential therapeutic interventions (37-40).
Based on the concept that a SARS-CoV-2 infection may induce an ongoing activation of the
immune system, e.g. due to an ineffective virus elimination, a trigger of autoimmune processes
may occur. AABs against different factors in distinct pathways and AABs identified in
autoimmune diseases have been investigated in PCS patients’ serum or plasma. This included
AABsS specific to rheumatoid diseases and central components of the immune system, thyroid-
related AABs as well as AABs against components of the cardiovascular system, among others
(18, 39-42). While autoimmunity during acute COVID-19 is mirrored by peripheral repertoire
imprints (43,44), we did not observe similar patterns in our PCS cohort, despite serological
positivity. A possible reason for this discrepancy is that the systemic hyperinflammation during
acute COVID-19 may lower tolerance thresholds for inherently autoreactive lymphocytes

resulting in characteristic repertoire imprints (28,43,44), while (de novo) autoreactivity in PCS
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may be rather elicited by persisting local antigenic reservoirs (45). Notably, we also did not
observe BCR signatures reported for ME/CFS (36) supporting an etiological distinction of both

syndromes.

Irrespective of a definitive molecular driver, recent comprehensive reviews have acknowledged
that a variety of AABs can occur after a SARS-CoV-2 infection some of which can be persistent
and may potentially contribute to signs and symptoms observed in PCS (39,40). The systematic
analysis by Notare et al. concluded that there is evidence for a potential association between
the presence of AABs and PCS and that the presence of AABs may contribute to the ongoing
inflammation and multisystemic manifestations of the condition (40). Moreover, the presence
of AABs correlated with clinical symptoms and levels of AABs were higher in patients with
PCS compared to those not developing PCS after a SARS-CoV-2 infection (46-48). Notably,
increased ADRB2 AAB levels were associated with the severity of vasomotor symptoms in
PCS (18). Using HRV as an objective measure of the autonomic nervous system we and others
have recently detected autonomic imbalance in patients with PCS (low parasympathetic tone,
enhanced sympathetic tone) (5, 49). In the current study, we provide evidence that autonomic
imbalance is related to an anti-GPCR AAB pattern. Our findings indicate that AABs against
ADRB1/2, AGTR1, M1/M3, and CXCR3 have partly opposing effects on HRV variables.
Time-related variables such as rMSSD and pNN50 were predominantly correlated to
AGT1Rab, ADRB1/2ab, and M3Rab levels. Similarly, these AABs affected HF power, an
indicator of parasympathetic activity, within the frequency related variables. In contrast,
CXCR3ab levels were inversely correlated with HF power and HFnu and were associated with
an enhanced LF/HF ratio over the 24h period, indicating an overall dominating sympathetic
system in PCS patients with high CXCR3ab levels. Such an inverse correlation between
parasympathetic activity and pro-inflammatory status has been described in other chronic
inflammatory diseases such inflammatory bowel disease and rheumatic arthritis (50). The
finding that the generated linear regression model identified CXCR3ab together with M3Rab
with the highest standardized impact on HFnu, suggests that the detected positive effects of
AGT1Rab and ADRB1/2ab might be hampered. This further points to a complex interplay of
AABs against G-protein coupled receptors with either stimulatory or non-stimulatory function
potentially competing with natural ligands. Our findings did not indicate a direct effect of the
investigated AABs on HR, neither during 24h monitoring nor during controlled exercise stress
tests. This was in line with in vitro experiments on serum-dependent changes in contractility of
hiPSC-derived cardiomyocytes, suggesting that the myocardial cell itself may not be the target

of GPCR AABs pointing towards a more systemic action. To this extend, AABs have been
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linked to autonomic neuropathy and there is evidence for persistent inflammation and prolonged
NETosis several months after an acute COVID-19 infection (51). NET release enables self-
antigen exposure and AAB production, thereby increasing the autoinflammatory response with
nerval damage (52). Similarly to the recently described peripheral autonomic neuropathy (53),

cardiac autonomic neuropathy may therefore be proposed to contribute to altered HRV.

Persistent inflammation during PCS might also explain the observed levels of CXCR3abs. Ryan
et al. demonstrated an enhanced CXCRS3 receptor expression on cells of the innate immune
system such as neutrophils and monocytes several months after an acute COVID-19 infection
using deep immunophenotyping (54). Moreover, a direct link between activation of the
sympathetic nervous system and CXCR3 has been suggested in that acute stress leading to
induced sympathetic cardiac activation, parasympathetic cardiac withdrawal, and
lymphocytosis has been shown to increase the number of circulating T cells expressing CXCR3
(55). In addition, CXCR3ab levels appear to be associated with COVID-19 severity, since
CXCR3ab levels were highest in patients with need for ventilation during the acute SARS-
CoV-2 infection, a finding in line with a previous report that AAB levels against CXCR3
depend on the severity of the acute COVID-19 infection (22). It thus seems conceivable that
both an overactivation of the sympathetic nervous system and ongoing autoimmune activity
during the acute SARS-CoV-2 infection (13) may lead to elevated levels of AABs against
CXCR3. This is of relevance since CXCR3 may be linked to different signs and symptoms seen
in PCS. CXCR3 is expressed on several cell types of the central nervous system and
cardiovascular system and has been implicated in several central nervous system disorders,
likely based on the observation that CXCR3-expressing T cells infiltrate the central nervous
system, and binding of chemokine IP-10 (interferon-inducible protein of 10 kDa) to CXCR3
expressing cells leads to apoptosis of neurons and subsequent neuronal damage (56). To this
end, Blank et al. (57) found that Mice lacking IP-10 or Cxcr3 were protected from depressive
behavior and impaired learning and memory. The authors suggested that brain endothelial and
epithelial cells play an important role in communication between the central nervous system
and the immune system and that the brain endothelial IFNAR-IP-10 axis modulates cognitive

impairment and sickness behavior in a CXCR3-dependent manner.

CXCR3 may also be linked to vascular changes in terms of atherosclerosis as well as
hypertension since CXCR3 ligands have been shown to be increased in patients with essential
hypertension (58). In addition, IP-10-mediated inhibition of endothelial cell migration via

proteoglycan signalling and angiostatic actions of the IP-10-CXCR3 axis has been described
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(58, 59). While we cannot directly conclude on the functional activity of the CXCR3abs
detected in the involved PCS patients, an agonistic activity of AABs at CXCR3 with IP-10
mimicking function could explain our observation of higher MAP and stress-induced BP
response in patients with higher CXCR3ab levels. To what extend BP elevations in PCS may
depend on initially elevated transient levels of CXCR3abs during the acute COVID-19 infection
and subsequent changes in endothelial function and inhibition of angiogenesis and suppression
of new blood vessel growth needs to be analyzed further. These CXCR3ab effects may however
provide at least a partial explanation for the described endothelial and microvascular alterations
in PCS (8, 60-62).

In terms of AABs against M1R and M3R it needs to be stated that whether muscarinic receptors
play a crucial role in regulating HR or BP in humans remains unclear even though muscarinic
receptors regulate key functions in the central and peripheral nervous systems (63). M1R
stimulation in the sympathetic ganglia of laboratory animals has been shown to induce
norepinephrine release from sympathetic terminals resulting in vasoconstriction. Studies in
humans suggest that M3R is responsible for endothelial-mediated vasodilation induced by
exogenous acetylcholine. Because cholinergic innervation of human blood vessels is almost
nonexistent, it is unclear how acetylcholine-mediated endothelial function occurs in
physiological conditions (63). Together with the observed effects of higher M1Rab levels on
stress-induced BP, it may be postulated that AABs against M1R function as M1R agonists

stimulating norepinephrine release resulting in vasoconstriction.

Future work should aim at understanding whether the seroprevalence of the here described
AABs varies depending on the different SARS-CoV-2 lineages and whether (recurrent)
vaccination may reduce the risk of the emergence of AABs based on reports that vaccinated
individuals may be at lower risk of developing PCS and potentially reduce inflammation and
symptom burden when vaccinated post-PCS diagnosis (64, 65). Also, processes underlying
AAB production in PCS in general, and the role of B cell activation and CXCR3-positive T
cells in particular, need to be investigated further (16). To what extent therapeutic apheresis is
capable to reduce AABs and disease burden is currently not clear. Preliminary evidence
suggests that apheresis may reduce ADRB1/2abs by ~30% and M3Rab by ~50% and patients
showing a significant reduction in these AABs together with inflammatory markers reported
significant symptom improvement after two cycles of apheresis (66). Further studies in the field
of 1gG depletion by immunoadsorption are currently being conducted to identify which patients

may benefit from the procedure (67). Most recently, a placebo-controlled phase lla clinical trial
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of rovunaptabin (BC007) showed a neutralizing effect on anti-GPCR AABs and an associated
improvement of symptoms in PCS. It needs to be investigated if BCO07 also neutralizes the
here identified AABs and if the aptamer can effectively restore the associated anti-

parasympathetic and anti-adrenergic activities (68).
Limitations

The findings of this study may be limited since the analyzed cohort was recruited from patients
participating in exercise-based rehabilitation. Thus, patients with more severe PCS which are
unable to participate in an active rehabilitation program were not included. The determined
AAB levels were interpreted based on laboratory reference values and no direct control group
was involved. Also, we did not obtain AAB levels prior to SARS-CoV-2 infection and cannot
account for patients who may have had an undocumented underlying autoimmune disease or
other factors contributing to AAB levels. Also, the number of exposures to different SARS-
CoV-2 variants as well as the number of undiagnosed (repeated) COVID-19 infections and the

timing of immunization might have affected the outcome.
CONCLUSION

We conclude that anti-parasympathetic and anti-adrenergic AABs are associated with
autonomic dysfunction and disturbed vasoregulation in patients with PCS. AABs against Gai
protein-coupled receptor CXCR3 are inversely related to parasympathetic tone thereby leading
to an overall dominating activity of the sympathetic system. Moreover, PCS patients with
elevated CXCR3ab and M1Rab levels show an increased stress-induced blood pressure
elevation. The investigated AAB levels did not correlate with B- and T-cell receptor repertoire
metrics or TRBV gene usage and BCR signatures differed from those reported for ME/CFS
patients. A direct effect of the investigated AABs on electromechanical coupling of stem cell-
derived cardiac myocytes in vitro was not confirmed. Taken together, these findings suggest
that AABs targeting GPCRs play a modulatory role in sympathetic nervous system-mediated
regulation of both cardiac rhythm and vascular function in PCS.
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Figure Legends

Figure 1: Suggestive autoantibodies (AABs) by sympathicus activation. During the discovery
phase, levels of 14 previously described AABs were compared between patients with highest (top 20%,
n=22) and lowest (lowest 20%, n=22) sympathicus activation determined based on normalized HF over
24h. Data is presented as mean + SD. Between-group comparison was performed using unpaired two-
sided t-test or Mann-Whitney-U Test in case of hon-normal distribution. A p-value < 0.15 was accepted
for the identification of suggestive AABs (green box) in the discovery phase.

Figure 2: Adaptive immune receptor repertoire sequencing of peripheral B and T cells. A)
Normalized B-cell receptor (BCR) repertoire metrics of patients with PCS (n=34), severe (n=26) or
moderate (n=28) acute COVID-19, after COVID-19 recovery (n=55) and pre-pandemic healthy
individuals (HD; n=59). IGHV rearrangements with <98% identity to the germline configuration were
considered somatically hypermutated. B) Principal component analysis (PCA) of BCR VJ gene.
Statistics: Pillai-Bartlett test of multivariate analysis of variance (MANOVA) of all principal components.
C) Mean frequency of IGHV gene usage as clustered (ward.D2, Canberra) heatmap. D) BCR repertoire
metrics for the indicated PCS subsets. Dotted lines represent the mean of the HD cohort. E) Frequency
of IGHV usage for the indicated PCS subsets. Dotted lines represent the respective mean frequency in
HDs. F) Normalized T-cell receptor (TCR) repertoire metrics of patients with PCS (n=34), severe (n=26)
or moderate (n=28) acute COVID-19, after COVID-19 recovery (n=55) and pre-pandemic healthy
individuals (HD; n=59). G) PCA of TCR VJ gene usage. Statistics: Pillai-Bartlett test of multivariate
analysis of variance (MANOVA) of all principal components. H) Mean frequency of TRBV gene usage
as clustered (ward.D2, Canberra) heatmap. ) TCR repertoire metrics for the indicated PCS subsets.
Dotted lines represent mean of the HD cohort. J) Frequency of TRBV usage for the indicated PCS
subsets. Dotted lines represent the respective mean frequency in HDs. A/J) p-values indicate results of
ANOVA. Otherwise not significant.

Figure 3: A) Levels auf autoantibodies (AABs) by type of care during acute COVID-19. Patients
had either received ambulatory care at home (n=69), in-hospital care (hosp., n=9) or in-hospital care
with ventilation (w. vent., n=21). A general trend to lower AAB levels with in-hospital acute care was
observed, while the highest levels for CXCR3ab were detected in patients with ventilation. Data is
presented as mean + SD. Multiple comparison was performed using ANOVA or non-parametric Kruskal-
Wallis-Test and was significant for AGT1Rab (p=0.0227), ADRB1ab (p=0.0258), ADRB1ab (p=0.0109),
and CXCR3ab (p=0.0007). The type of care during acute infection was not available/ unclear for six
patients. B) Post-acute CXCR3ab levels. AAB levels against CXCR3 were significantly higher in
patients with a more recent acute SARS-CoV-2 infection. No significant association of time after acute
infection was detected for other AABs (all p > 0.05, data not shown). Trend line was modelled using
third order polynomial nonlinear regression with 95% CI on individual data points (n=105).

Figure 4: Results of the logistic regression model based on autoantibodies (AABs). A) The
model’s performance was evaluated using the area under the receiver operating characteristic (ROC)
curve (AUC) with HFnu 24h as a binary classifier. The AUC of 0.78 indicates moderate discriminative
power. B) Confusion matrix indicating the model’s prediction results in terms of true and false negatives/
positives. C) Feature importance chart indicating the contribution of each AAB to the model. A higher
score indicates a larger effect on the model. All predictor variables (AABs) were standardized prior to
modeling to ensure comparability. 10-fold cross-validation was used to assess the model's accuracy
and mitigate the risk of overfitting.

Figure 5: Vasoactive capacity of autoantibodies (AABs). A) Higher mean arterial pressure (MAP)
was detected in patients with high levels of CXCR3ab (n=27) during the day and night period as well as
over 24h of blood pressure measurement compared to patients with low CXCR3 levels (n=79). Data is
presented as mean + SD. Between-group comparison was performed using ANOVA. B) AABs against
ADRB1 did not affect exercise-induced HR response. The HR response during cardiopulmonary
exercise testing (CPET) was effectively reduced by beta blocker medication. Neither patients with beta



blockers (BB+) nor patients without beta blockers (BB-) showed differences in HR response at
ventilatory thresholds 1 or 2 (VT1, VT2) or peak exercise intensity (VOzpeak) depending on ADRB1ab
levels. Peak heart rate was unaffected by the achieved load percentage (Watt) of the respective
individual reference (corrected for age, sex and body surface area). CPET data is presented as mean
and 95% CI over three time points compared by two-way ANOVA (for time x beta blocker group) and
mean = SD for HR peak data compared by ANOVA. C-E) Higher AAB levels enhance the blood pressure
response during physical exercise. Patients with higher levels of AGT1Rab (n=20) had an increased
diastolic blood pressure (DBP) response during cardiopulmonary exercise testing (CPET) compared to
patients with lower levels (n=85). Patients with elevated M1Rab and CXCR3ab levels (n=25, n=27)
showed higher DBP and also mean arterial pressure (MAP) values during CPET compared to patients
with lower levels (n=85, n=78). Patients with higher CXCR3ab levels also showed reduced blood oxygen
saturation (SPO2) during exercise testing. For comparison, patients individual relative load was
calculated and third order polynomial curve fit with 95% CI with F statistics for comparison of curve fit
was used based on multiple BP and SPO2 measurements during the test. P-values < 0.05 indicate that
curves are significantly different and do not fit the compared datasets. The mean of all measurements
combined was compared between groups using unpaired two-sided t-test or Mann-Whitney-U Test in
case of non-normal distribution. Red color indicates high AAB levels, green color indicates low AAB
levels.

Figure 6: Time-dependent in vitro cell response profiling to patients’ serum by real-time cell
electronic sensing. A) Schematic presentation of real-time cell electronic sensing analysis of serum
effects on human induced pluripotent stem cell (hiPSC) derived cardiomyocyte (CM) contraction profiles.
Three different serotypes were used, high autoantibody (high AA), low autoantibody (low AA) and
CXCR3 negative high autoantibody (CXCR3 neg high AA). B) Cell Index curves indicating the initial
adhesion of the hiPSC-cardiomyocytes and decline in Cell Index after serum stimulation (1% serum at
day 6). The curve represents the mean Cell Index value = SD (n = 26-52 wells from three individual
experiments). a.u = arbitrary units; ***p < 0.001; Tukey’s multiple-comparisons test was performed to
calculate significance between the groups compared to untreated (1% medium control). C) comparison
of cell contractility (beats per minute, bpm) and D) amplitude of hiPSC-cardiomyocytes with or without
serum stimulation on day 7 (n = 24-43 wells from three individual experiments). a.u = arbitrary units; all
data are represented as mean + SD; **p < 0.01; ***p < 0.001; ns = not significant; Dunnett's T3 (Brown-
Forsythe and Welch ANOVA) multiple-comparisons test was performed.
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TABLES

Table 1: Exercise capacity assessed by cardiopulmonary exercise testing (CPET)

absolute % predicted
Resting
Heart rate, beat-min-* 89.3+11.2 n.a.
0, pulse, ml-beat™ 6.7+1.9 n.a.
Systolic blood pressure, mmHg 125.7 +20.8 n.a.
Diastolic blood pressure, mmHg 79.3+14.1 n.a.
SpO,, % 94.8 +10.3 n.a.
Ventilatory threshold 1 (VT1)
Workload, watt 69.6 + 25.5 39.8+145
Heart rate, beat-min 109.0 + 15.0 65.2+8.2
O, pulse, ml-beat™ 10.3+2.9 75.0 £ 15.2
Systolic blood pressure, mmHg 146.6 + 25.3 71.0+12.3
Diastolic blood pressure, mmHg 79.6 £ 15.6 80.6 + 15.7
VO,, ml-mint-kg? 12.1+3.0 495+135
SpO,, % 92.8+17.3 97.5+18.3
Peak exercise (VOzpeak)
Workload, watt 120.5+32.9 69.6 £ 19.7
Heart rate, beat-min 134.1+21.6 80.0+11.8
0O, pulse, ml-beat™ 12.3+3.0 90.1+15.7
Systolic blood pressure, mmHg 174.8 + 30.3 845+ 14.6
Diastolic blood pressure, mmHg 86.2+16.0 87.3+15.8
VO,, ml-mint.kg? 17.8+4.0 72.0+15.3
SpO,, % 954 +39 100.4+4.0
Rating of perceived exertion (0 — 10 Borg Scale) 9 (5) n.a.

Data is presented as mean + SD or median (range) at admission (available for n=93 patients).

% predicted values indicate reference values corrected for sex, age and body surface area. N.a., not

applicable.
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Table 2: Correlation of heart rate variability (HRV) variables with autoantibodies by 24h, day, and night period

Autoantibody

AGT1Rab | AGT2Rab | ADRB1ab | ADRB2ab M1Rab M3Rab | CXCR3ab | PAR1ab
Time-related variables (24h)
SDNN, ms Spearman’s Rho 0.186 -0.070 0.090 0.119 -0.067 0.134 -0.045 0.002
p-value 0.058 0.476 0.360 0.227 0.500 0.175 0.651 0.980
SDANN, ms Spearman’s Rho 0.115 -0.081 0.020 0.059 -0.074 0.063 10.049 -0.031
p-value 0.242 0.411 0.836 0.550 0.453 0.523 0.623 0.754
SDNN Index, ms Spearman's Rho | ( 555+ -0.126 0.161 0.164 -0.171 0.217" -0.138 -0.081
p-value 0.009 0.199 0.100 0.094 0.082 0.026 0.161 0.411
rMSSD, ms Spearman's Rho | 559~ -0.078 0.223" 0.239" -0.055 0.248' -0.106 0.079
p-value 0.006 0.426 0.022 0.014 0.576 0.011 0.282 0.420
PNNS0, % Spearman's Rho | ¢ 554 -0.098 0.247° 0.244" -0.104 0.246° -0.110 -0.014
p-value 0.002 0.319 0.011 0.012 0.290 0.011 0.265 0.887
Triangular Index Spearman’s Rho 0.114 0.020 0.043 0.082 -0.073 0.122 -0.105 -0.072
p-value 0.247 0.840 0.665 0.406 0.459 0.215 0.286 0.464
Frequency-related variables (24h)
LF Power, ms? Spearman's Rho | ( 53y- -0.196" 0.116 0.131 -0.305" 0.204' -0.142 -0.164
p-value 0.016 0.045 0.239 0.183 0.002 0.037 0.148 0.094
HF Power, ms? Spearman's Rho | 559~ -0.092 0.205" 0.216' -0.131 0.214' -0.246° -0.075




p-value

0.008 0.350 0.036 0.027 0.183 0.028 0.011 0.447

LF/HF Ratio Spearman's Rho | 449 0.115 -0.232' -0.229' -0.105 -0.156 0.221° -0.096
p-value 0.084 0.241 0.017 0.019 0.288 0.112 0.023 0.330

LFnu Spearman's Rho | 547: -0.139 0.273" -0.280" -0.088 -0.214* 0.181 -0.121
p-value 0.026 0.157 0.005 0.004 0.372 0.029 0.064 0.218

HFnu Spearman’s Rho 0.163 0.111 0.227° 0.224° 0.100 0.150 -0.230° 0.083
p-value 0.097 0.259 0.020 0.022 0.310 0.127 0.018 0.400

Sympathetic %enu Spearman's Rho | 479 0117 -0.232° -0.229' -0.106 -0.157 0.220° -0.096
p-value 0.083 0.233 0.017 0.019 0.280 0.110 0.024 0.329

Parasympathetic %nu | Spearman's Rho | 4 479 0.117 0.232 0.229 0.106 0.157 -0.220° 0.096
p-value 0.083 0.233 0.017 0.019 0.280 0.110 0.024 0.329

Non-linear variables (24h)

SD1, ms Spearman’s Rho 0.284" -0.068 0.230" 0.254" -0.072 0.223" -0.182 0.021
p-value 0.003 0.493 0.019 0.009 0.470 0.023 0.065 0.832

SD2, ms Spearman’s Rho 0.184 -0.062 0.084 0.121 -0.075 0.125 -0.049 -0.006
p-value 0.062 0.534 0.398 0.223 0.452 0.206 0.620 0.950

VAl ® Spearman’s Rho 0.461" 0.005 0.423" 0.426" 0.003 0.380" -0.021 0.095
p-value 0.0001 0.959 0.0001 0.0001 0.974 0.0001 0.831 0.339

Time-related variables (6h day)

SDNN, ms Spearman’s Rho | ¢ 5o -0.007 0.084 0.124 -0.081 0.187 -0.039 0.024
p-value 0.020 0.942 0.395 0.209 0.409 0.057 0.694 0.810
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rMSSD, ms

Spearman's Rho

0.250° -0.086 0.203" 0.220° -0.078 0.225 -0.115 0.044

p-value 0.010 0.386 0.038 0.024 0.432 0.021 0.242 0.654

PNN50, % Spearman's Rho | ( 3¢~ -0.086 0.248" 0.248" -0.127 0.264" -0.103 -0.001
p-value 0.001 0.386 0.011 0.011 0.198 0.007 0.296 0.992

Frequency-related variables (6h day)

LF Power, ms? Spearman’s Rho 0.210° _223° 0.113 0.116 -0.313" 0.193" 0.179 -0.207"
p-value 0.032 0.023 0.253 0.237 0.001 0.049 0.068 0.034

HF Power, ms? Spearman’s Rho 0.236° -0.112 0.208" 0.210° -0.161 0.202° -0.208" -0.120
p-value 0.015 0.253 0.033 0.031 0.100 0.039 0.002 0.224

LF/HF Ratio Spearman's Rho | 4 475 -0.135 -0.238" -0.232° -0.125 -0.161 0.172 -0.145
p-value 0.079 0.169 0.015 0.017 0.205 0.100 0.079 0.140

LFnu Spearman's Rho | 4g3 -0.184 -0.256" -0.253" -0.167 -0.181 0.143 -0.169
p-value 0.062 0.060 0.008 0.009 0.089 0.064 0.144 0.086

HFnu Spearman’s Rho 0.125 0.052 0.172 0.166 0.051 0.099 -0.200° 0.103
p-value 0.202 0.597 0.079 0.090 0.606 0.315 0.041 0.294

Sympathetic %nu Spearman's Rho | 475 -0.135 -0.238° -0.232° -0.125 -0.161 0.172 -0.145
p-value 0.079 0.169 0.015 0.017 0.205 0.100 0.079 0.140

Parasympathetic %nu | Spearman’s Rho 0.172 0.135 0.238° 0.232° 0.125 0.161 0172 0.145
p-value 0.079 0.169 0.015 0.017 0.205 0.100 0.079 0.140

Time-related variables (6h night)
SDNN, ms Spearman’s Rho 0.203" -0.009 0.088 0.123 -0.020 0.162 0.013 0.041
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p-value

0.038 0.924 0.369 0.210 0.838 0.099 0.897 0.680
rMSSD, ms Spearman’s Rho | () 554 -0.064 0.201° 0.215' 0.023 0.199 -0.073 0.066
p-value 0.009 0.515 0.040 0.027 0.820 0.041 0.457 0.505
PNN50, % Spearman’s Rho | () 553+ -0.029 0.221° 0.226° -0.051 0.236° -0.114 0.000
p-value 0.009 0.767 0.024 0.020 0.609 0.015 0.248 0.996
Frequency-related variables (6h night)
LF Power, ms? Spearman’s Rho | 54 -0.096 0.136 0.164 -0.176 0.206" -0.031 -0.043
p-value 0.006 0.329 0.166 0.094 0.073 0.035 0.753 0.662
HF Power, ms? Spearman’s Rho 0.222° -0.046 0.168 0.183 -0.079 0.187 -0.161 -0.042
p-value 0.023 0.642 0.086 0.062 0.424 0.056 0.100 0.668
LF/HF Ratio Spearman's Rho | 143 -0.093 -0.204° -0.195° -0.074 -0.156 0.204° -0.032
p-value 0.145 0.345 0.037 0.046 0.455 0.111 0.037 0.742
LFnu Spearman's Rho | 44 -0.121 -0.224° -0.209° -0.098 -0.180 0.182 -0.063
p-value 0.104 0.220 0.022 0.034 0.324 0.067 0.065 0.525
HFnu Spearman’s Rho 0.157 0.108 0.221° 0.211° 0.096 0.161 -0.192 0.044
p-value 0.112 0.274 0.024 0.031 0.333 0.103 0.051 0.657
Sympathetic %nu Spearman’s Rho -0.143 -0.093 -0.204" -0.195' -0.074 -0.156 0.204" -0.032
p-value 0.145 0.345 0.037 0.046 0.455 0.111 0.037 0.742
Parasympathetic %nu | Spearman’s Rho 0.143 0.093 0.204° 0.195° 0.074 0.156 -0.204° 0.032
p-value 0.145 0.345 0.037 0.046 0.455 0.111 0.037 0.742

Blue: positive correlation, red: negative correlation, darker colors indicate stronger correlation.
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