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Abstract

Post-acute COVID-19 syndrome (PACS) has been defined as symptoms persisting after clearance of a COVID-19 infec-
tion. We have previously demonstrated that alterations in DNA methylation (DNAm) status persist in individuals who
recovered from a COVID-19 infection, but it is currently unknown if PACS is associated with epigenetic changes. We
compared DNAm patterns in patients with PACS with those in controls and in healthy COVID-19 convalescents and
found a unique DNAm signature in PACS patients. This signature unravelled modified pathways that regulate angio-
tensin Il and muscarinic receptor signalling and protein—protein interaction networks that have bearings on vesicle

formation and mitochondrial function.
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Introduction

In some individuals, the acute phase of COVID-19 causes
lethal disease, while others may experience only mild
symptoms or remain asymptomatic. Also, in those with
a mild course of infection, complications may persist
after clearance of infection. Symptoms continuing more
than 4 weeks after the infection have been defined as
long-term complications of COVID-19, while symptoms
persisting beyond more than 12 weeks are often referred
to as “Post-acute COVID-19 Syndrome” (PACS) [1].
Commonly reported PACS symptoms include, but are
not limited to, physiological (muscle weakness, exercise
intolerance, postural orthostatic tachycardia syndrome,
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palpitations, dyspnoea, dry cough, chest pain, loss of
smell and taste), psychiatric (insomnia, anxiety, depres-
sion, nightmares) and/or cognitive dysfunction (fatigue,
memory problems, light sensitivity, sleep disturbances)
[1]. The discussion about symptom subgroups in PACS
is ongoing, where grouping based on affected organ(s)
has been proposed. Symptoms can fluctuate, persist or
fade over time. A correlation between disease severity
during the acute infection and PACS has been reported
[1], though not limited to severe infection. Currently, the
pathophysiological mechanisms underlying PACS remain
largely unknown.

Recently, we demonstrated that healthy COVID-19
convalescents carry a distinct DNA methylation (DNAm)
pattern in their peripheral blood mononuclear cells
(PBMC) without any shifts in PBMC cell population fre-
quencies [2]. The aim of the current study was to further
elucidate the DNAm pattern of PACS patients, by com-
paring DNAm in PBMC from PACS patients, healthy
COVID-19 convalescents (CC19) and controls (Con).
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Methods

We recruited 10 study subjects between 27 and 57 years
of age referred to the Department of Clinical Physiology
at Linkoping University Hospital due to persistent PACS
symptoms for more than 12 weeks. The PACS patients
had either a previous positive PCR test for SARS-CoV-2
and/or reported symptoms consistent with COVID-19
infection that affected daily life. The PACS group pre-
sented with a wide range of symptoms (Additional file 1:
Table Sla) and received no hospital care in the acute
COVID-19 infection. 7 out of 10 subjects were vacci-
nated against COVID-19 with Comirnaty (Pfizer/BioN-
Tech) <4 months prior to inclusion. DNA methylation
data from a previous study [2] and serology data from
an ongoing study (manuscript in preparation) with sub-
jects who did not report any remaining symptoms after
an episode of mild or moderate symptoms of COVID-19
(CC19) along with a matched control group (Con) were
used for comparison [2]. CC19s and Cons were collected
during spring/summer of 2020. None of the CC19 or
Cons (from the previous study) was vaccinated (no vac-
cines available at that time) (Table S1b) [2]. PBMCs were
isolated from 30 ml peripheral blood collected in EDTA
tubes and DNA was prepared as described previously [2].
The DNAm analysis was run with the Illumina Infinium
Methylation EPIC 850 K BeadChip array (Illumina Inc,
San Diego, USA) by the core facility for Bioinformatics
and Expression Analysis at Karolinska Institute, Stock-
holm, Sweden. Bioinformatic analysis was performed
(Additional file 1: Supplementary Methods). Suspension
multiplex immunoassay (SMIA) analysis for antibodies
against CHRM3 in plasma was performed as previously
described [2] using human Muscarinic acetylcholine
receptor M3 recombinant protein (#MBS955742, My
Biosource).

Results

The data from the PACS patients were compared to the
existing data from our previous study [2] on convales-
cent COVID-19 in which inclusions were done during
2020. The mean PACS symptom duration was 46 weeks
(17-66) at the time of inclusion. Statistical comparisons
of demographic variables (Additional file 1: Table S1b)
revealed no significant differences between the study
groups. The PACS subjects all had significant levels of
anti-RBD antibodies. PACS samples had significantly
stronger IgG responses against SARS-CoV-2 RBD com-
pared to the CC19 group.

Of the initial methylation analyses of 865,918 probes,
813,467 probes remained upon filtering with two samples
removed due to low quality probes. Multidimensional
scaling (MDS) analysis (Fig. 1a) demonstrated that the
three groups formed separate clusters, apart from one
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PACS patient clustering among the CC19 and Con sub-
jects. The cell proportion estimate indicated higher pro-
portion of neutrophils (¢ test p value<0.01) in the PACS
group, compared to the other two groups (Additional
file 1: Table S2).

We then proceeded to identify differentially methyl-
ated CpGs (DMCs) by comparing the PACS group to the
CC19 and Con groups, using a threshold of <0.05 (FDR-
adjusted p-value) and a mean methylation difference
(MMD) cut-off of >0.2. (Additional file 1: Fig. S1). We
observed 197 (65% hypermethylated) and 98 (57% hyper-
methylated) DMCs when comparing the PACS indi-
viduals’ DNA methylome to the CC19 and Con groups,
respectively (Additional file 1: Table S3, Additional file 2:
Table S4). We combined the DMCs from the above analy-
sis and generated a heatmap of individual  values of the
271 identified DMCs (Fig. 1b). Each of the DMCs were
mapped to their corresponding differentially methylated
genes (DMGs) (Additional file 2: Table S4a, b) and the
values of three DMCs selected by significant differences
between all groups were mapped to the genes SNORD3B,
CETP and DLGAPI are shown in Fig. 1c. Panther path-
way enrichment analysis (Fig. 2a) revealed significantly
enriched pathways including “Angiotensin II-stimulated
signalling through G proteins and B-arrestin’, “Histamine
H1 receptor mediated signalling pathway’, “Heterotrim-
eric G-protein signalling pathway-Gq alpha and Go alpha
mediated pathway’, “PI3 kinase pathway” and “Mus-
carinic acetylcholine receptor 1 and 3 (CHRM1&3) sig-
nalling pathway” (Fig. 2a). Since autoantibodies against
different G-coupled receptors have been described in
PACS [3], we assessed auto-antibodies in plasma of sub-
jects from the previous cohort [2] and the PACS sub-
jects of the present study. Three of the PACS subjects
had increased plasma levels of CHRM3-specific IgG
(Fig. 2b) but not IgM or auto-antibodies directed towards
B2-adrenergic receptors (data not shown).

We found that 38 of the identified DMGs were repre-
sented among the 5221 proteins that were known to be
exploited by SARS-CoV-2 (Additional file 1: Fig. S2).
Exploration of protein—protein interactions (PPI) to
detect possible modules among these 38 DMGs revealed
that most of the proteins were connected in a PPI net-
work (Fig. 2c). PACSIN2 interacts with both the M (mem-
brane) and N (nucleocapsid) proteins of SARS-CoV-2
and is a membrane-binding protein involved in vesicle
formation. PACSIN? also interacts with the ACE2 recep-
tor (www.thebiogrid.org), which SARS-CoV-2 exploits
for entry into cells. A regulatory module including the
GTP-binding protein GNB1 (which is a central compo-
nent of all five pathways listed in Fig. 2a) is linking PAC-
SIN2 to an actin-nucleating module of ARP2/3 proteins.
PIG@G is an enzyme involved in membrane lipid anchor
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Fig. 1 DNA methylation signature analysis of PBMC associated with PACS. a Multidimensional scaling (MDS) plot of the three groups; controls
(Con, blue), COVID-19 convalescent group (CC19, orange) and patients with post-acute COVID-19 syndrome (PACS, red). Dimension 1 (x-axis)

and dimension 2 (y-axis) show the distances between the samples using the top 1000 most variable CpG positions. Vaccinated (bold lines),
non-vaccinated (fine lines). CC19s and Cons were collected during spring/summer of 2020. None of the CC19 or Cons was vaccinated (no vaccines
available at that time). b Heatmap of differentially methylated CpGs (DMCs) representing an unsupervised hierarchical clustering analysis (Euclidean
distance) of individual methylation (8 values, hypomethylated; blue, hypermethylated, yellow, as indicated) of the 271 identified DMCs. The study
groups are coloured as in panel a, and individual samples are arranged as columns. ¢ Boxplots of (§ values (y-axis) showing the DNA methylation
levels at three differentially methylated CpGs mapped to the SNORD3B, CETP, DLGAPT genes, respectively, in each of the study group (x-axis)

biosynthesis and interacts with 4 SARS-CoV-2 proteins, ~ which binds no less than 14 different SARS-CoV-2 pro-
among them the M protein. The largest module in the teins, including the E (envelope) and M proteins.
network is composed of nucleus-encoded subunits of

the mitochondrial NADH oxidase, including NDUFA10,
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Fig. 2 Pathway analysis of PACS and SARS-CoV2 interactome. a Dot plot showing the top enriched pathways in PACS resulting from the
overrepresentation analysis (Panther, PACS compared to CC19). The gene count is presented as circles, increasing with elevating number of gene
count. The significance level is presented as a colour scale from red to blue. Muscarinic acetylcholine receptor M 1&3 antibodies (CHRM1&3). b
Levels of Muscarinic acetylcholine receptor M3 antibodies (CHRM3) of IgG and IgM class in plasma of each study group, PACS, CC19 and Con. MFI,
median fluorescence index. ¢ String-DB interactome of PACS DMGs overlapping SARS-CoV2, expanded to fill the gaps until all major modules were
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Discussion

To the best of our knowledge, this is the first report of
epigenome-wide DNAm alterations in subjects with
PACS. We and others have studied DNA methyla-
tion changes in response to acute COVID-19 [4] and in

healthy recoverees after the acute phase [2]. The CpG
sites with the most pronounced changes compar-
ing PACS with CC19 were found in genes encoding
SNORD3B, CETP and DLGAP. SNORD3B belongs to a
family of small nucleolar RNAs that have been suggested
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to be exploited by RNA viruses [5]. CETP is a cholesterol
metabolizing enzyme and CETP-inhibitors have been
proposed as treatment option for COVID-19 [6]. DLGAP
is a postsynaptic protein that binds dynein (DYNLLI),
which in turns binds no less than 10 SARS-CoV-2 pro-
teins. Several of the pathways that we found epigeneti-
cally modulated in PACS subjects, including Angiotensin
II receptor, muscarinic receptors and histamine signal-
ling pathways, are relevant for the symptomatic picture
of PACS. Angiotensin II has been shown to regulate the
expression of ACE2 in neurons and SARS-CoV-2 binds
to the ACE2 receptor via the S (spike) protein to enter
cells. Histamines have been demonstrated to play a role
in PACS, as partial symptom relief was reported in PACS
patients upon treatment with antihistamines [7]. The
pathways regulated by muscarinic receptors CHRM1&3
play a role in odour perception and were found to be
epigenetically modulated in patients with PACS. Auto-
antibodies towards GPCR have been demonstrated in
chronic fatigue syndrome (CFS) [8] and a recent review
lists a number of auto-antibodies targeting GPCRs that
were identified also in PACS [3]. We found a tendency of
increased levels of CHRM3-specific IgG autoantibodies
in our PACS cohort. Functionally active auto-antibodies
are known to disturb the balance of neuronal and vas-
cular activity and in fact, extracorporeal apheresis could
reduce levels of autoantibodies and alleviate symptoms
of CFS in a recent PACS study [9]. The finding of epige-
netic modulation of the pathways of the same receptors
for which auto-antibodies are described in PACS and
CES is intriguing and raises the question of a possible
mechanistic relationship. Hypothetically, as part of the
anti-viral defense, the host could down-modulate (either
by creating autoantibodies or epigenetically) pathways
exploited by the virus, which when they become persis-
tently downregulated after viral clearance, may contrib-
ute to impairment of cellular functions. In line with this
idea, the PPI modules that we found to be epigenetically
modulated include cellular processes that are central to
vesicle formation, exemplified by the identified connec-
tion of PACSIN2 and sub-membrane actin remodeling
(ARP2/3), which potentially contributes to the forma-
tion of new virus particles. Another identified module
with very strong interactions with SARS-CoV-2 involves
NDUFA proteins, which regulate the NADH oxidase in
mitochondria. Mitochondrial dysfunction was recently
described in PACS [10] and our finding of an epigeneti-
cally modified module at the core of mitochondrial func-
tion warrants further investigation in PACS. We cannot
exclude the possibility that the PACS specific epigenetic
signature is driven by a hidden SARS-CoV-2 reservoir.
Studies including the epigenetic background and sig-
natures in other than post viral fatigue syndromes are
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needed. The impact of vaccination on DNAm profiles is
not possible to determine in the current study and should
be evaluated in future analyses. In summary, although
limited by the number of subjects included and without
information on the stability of the DNAm signature, the
results of the present pilot study can generate hypotheses
that may help to explain the pathophysiological mecha-
nisms underlying PACS. Hopefully, this could accelerate
the development of preventive strategies and therapeutic
options for PACS, which likely will persist longer than
the COVID-19 pandemic itself.

Abbreviations

ACE2: Angiotensin Converting Enzyme 2; CC19: COVID-19 Convalescent
group; CETP: Cholesteryl Ester Transfer Protein; CFS: Chronic Fatigue Syn-
drome; CHRM3: Muscarinic acetylcholine receptor M3; COVID-19: Coronavirus
Disease 2019; DMC: Differentially methylated CpG; DMG: Differentially methyl-
ated genes; EDTA: Ethylenediamine tetraacetic acid; DNAm: DNA methylation;
GNB1: G Protein Subunit 3 1; MDS: Multidimensional scaling; MMD: Mean
methylation difference; PACS: Post-acute COVID-19 syndrome; PACSIN2: Pro-
tein Kinase C & Casein Kinase Substrate in Neurons Protein 2; PBMC: Peripheral
Blood Mononuclear Cells; PCR: Polymerase chain reaction; PI3K-Akt: Phosphati-
dylinositol 3-kinase-Protein kinase B; POTS: Postural orthostatic tachycardia
syndrome; SARS-CoV-2: Severe Acute Respiratory Syndrome Coronavirus 2;
SMIA: Suspension multiplex immunoassay; SNORD3B: Small Nucleolar RNA
C/D Box 3B-1.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/513148-022-01398-1.

Additional file 1. Supplementary methods, Supplementary Figures S1-
S2, Supplementary Tables S1-S3 and Supplementary References.

Additional file 2. Supplementary Table S4.

Acknowledgements

We express our greatest thanks to the Core facility at Novum, BEA; Bioinfor-
matics and Expression Analysis, at the Karolinska Institute, Stockholm, Sweden
and the staff at the Department of Clinical Physiology, Linkdping University
Hospital, Linkdping, Sweden. Additionally, we acknowledge the Swedish
National Infrastructure for Computing (SNIC) at National Supercomputing
Centre (NSC), Linkdping University for the computing systems enabling the
data handling, partially funded by the Swedish Research Council (Grant No.
2018-05973).

Author contributions

FN, KH and ML designed the study. ML and AR secured project funding. FN
and KH coordinated the study design and inclusion. FN carried out the col-
lection of sampling. FN, LK and EA conducted the laboratory and serology
analyses. SS performed the data curation and bioinformatics analysis. SS and
FN performed the statistical analysis. FN, SS and ML wrote the manuscript. All
authors read and approved the final manuscript.

Funding

Open access funding provided by Linkoping University. This study was sup-
ported by the Swedish Heart and Lung Foundation (20210067), the Swedish
Research Council (2021-03183) to ML, Swedish Research Council (4.3-2019-

00201 GD-2020-138) to AR.

Availability of data and materials

The datasets used from Huoman J. et al. study will be available via secure
token at the GeneExpression Omnibus with GEO-ID GSE178962. The data
from the PACS patients analysed in the presented work will be available upon


https://doi.org/10.1186/s13148-022-01398-1
https://doi.org/10.1186/s13148-022-01398-1

Nikesjo et al. Clinical Epigenetics (2022) 14:172

publication at the Federated European Genome-phenome Archive (FEGA)
Sweden node. The datasets comprise filtered and preprocessed DNA methyla-
tion data from deidentified individual samples in the study. Utilised scripts

for performing the described statistical analyses within the paper, as well as
for creating graphs, will be available on the following GitHub account upon
publication (https://github.com/Lerm-Lab/PACS).

Declarations

Ethical approval and consent to participate

The study was approved in April 2021 by Swedish Ethical Review Authority
(Dnr. 2021-01620) (KH). The studies involving CC19 and Con participants were
reviewed and approved by the Swedish Ethical Review Authority, Regional
Ethics Committee (Dnr. 2019-0618) (AR). The participants provided their writ-
ten informed consent to participate in this study.

Consent for publication
Not applicable.

Competing interests

ML and SS have filed a patent “Method for determining SARS-CoV-2 exposure
with or without remaining symptoms” (W02022119495A1). None of the
remaining authors declare any competing interests.

Author details

'Department of Respiratory Medicine in Linképing, Department of Biomedi-
cal and Clinical Sciences, Linképing University, Linkdping, Sweden. 2Divi-
sion of Inflammation and Infection, Department of Biomedical and Clinical
Sciences, Faculty of Medicine and Health Sciences, Linkdping University,
Campus US, Medical Microbiology, Lab1, Floor 12, 581 85 Linkoping, Sweden.
3Division of Cell Biology, Department of Biomedical and Clinical Sciences,
Linkdping University, Linkdping, Sweden. “Department of Clinical Physiology,
Department of Health, Medicine and Caring Sciences, Linkdping University,
Linkoping, Sweden.

Received: 1 July 2022 Accepted: 5 December 2022
Published online: 14 December 2022

References

1. Nalbandian A, Sehgal K, Gupta A, Madhavan MV, McGroder C, Stevens JS,
et al. Post-acute COVID-19 syndrome. Nat Med. 2021,27:601-15.

2. HuomanJ, Sayyab S, Apostolou E, Karlsson L, Porcile L, Rizwan M, et al.
Epigenetic rewiring of pathways related to odour perception in immune

cells exposed to SARS-CoV-2 in vivo and in vitro. Epigenetics. 2022;,0:1-17.

3. Dotan A, David P, Arnheim D, Shoenfeld Y. The autonomic aspects of the
post-COVID19 syndrome. Autoimmun Rev. 2022;21:103071.

4. Balnis J, Madrid A, Hogan KJ, Drake LA, Chieng HC, Tiwari A, et al. Blood
DNA methylation and COVID-19 outcomes. Clin Epigenet. 2021;13:118.

5. Stamm S, Lodmell JS. C/D box snoRNAs in viral infections: RNA viruses
use old dogs for new tricks. Noncoding RNA Res. 2019;4:46-53.

6. Talasaz AH, Sadeghipour P, Aghakouchakzadeh M, Dreyfus |, Kakavand H,
Ariannejad H, et al. Investigating lipid-modulating agents for prevention
or treatment of COVID-19: JACC state-of-the-art review. J Am Coll Cardiol.
2021;78:1635-54.

7. Glynne P, Tahmasebi N, Gant V, Gupta R. Long COVID following mild
SARS-CoV-2 infection: characteristic T cell alterations and response to
antihistamines. J Investig Med. 2022,70:61-7.

8. Loebel M, Grabowski P, Heidecke H, Bauer S, Hanitsch LG, Wittke K,
et al. Antibodies to 3 adrenergic and muscarinic cholinergic recep-
tors in patients with Chronic Fatigue Syndrome. Brain Behav Immun.
2016;52:32-9.

9. Bornstein SR, Voit-Bak K, Donate T, Rodionov RN, Gainetdinov RR, Tselmin
S, et al. Chronic post-COVID-19 syndrome and chronic fatigue syndrome:
Is there a role for extracorporeal apheresis? Mol Psychiatry. 2022;27:34-7.

10. de Boer E, Petrache |, Goldstein NM, Olin JT, Keith RC, Modena B, et al.
Decreased fatty acid oxidation and altered lactate production during
exercise in patients with post-acute COVID-19 syndrome. Am J Respir Crit
Care Med. 2022;205:126-9.

Page 6 of 6

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://github.com/Lerm-Lab/PACS

	Defining post-acute COVID-19 syndrome (PACS) by an epigenetic biosignature in peripheral blood mononuclear cells
	Abstract 
	Introduction
	Methods
	Results
	Discussion
	Acknowledgements
	References


